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Abstract 
 
This thesis describes cell behaviour on two kinds of substrates with 
different chemical and topographical surface features: micropatterned and 
randomly modified substrates.  
Micropatterned surfaces were obtained by photoimmobilization of 
the polysaccharide hyaluronic acid (Hyal) on aminosilanized glass in the 
presence of photomasks with different geometries. The patterns obtained 
had different dimensions and chemistry: positive/negative spiral and 
squared micro-patterned surfaces of decreasing dimensions. The 
microstructured surfaces were characterized by AFM, SEM, ToF-SIMS, 
ATR/Ft-IR. SEM analysis allowed measurements of the micropattern’s 
dimensions: the spiral ranged from 100µm at the periphery to 1µm in the 
central part, the square and rectangle pattern consisted of a central square 
of 100x100µm and rectangles of different dimensions decreasing from the 
centre to the edges of the micropatterned area (2x1µm).  
The behaviour of four cell types was tested on these 
micropatterned surfaces: human coronary artery endothelial cells 
(HCAEC), human dermal fibroblasts, NIH 3T3 fibroblasts and human 
normal osteoblasts (NHOst). Each cell type was seeded separately. The 
cell parameters analyzed were cell morphology, adhesion, cytoskeleton 
changes and distribution by using SEM, AFM and inverted optical 
fluorescence microscopy. Cell adhesion analysis demonstrated that 
HCAEC, human dermal fibroblasts and NHOst did not adhere to the 
immobilised Hyal but adapted their shape to the different sizes of the 
square and spiral patterns of silanized glass. In particular, the number of 
adherent HCAEC and human dermal fibroblasts depended on the 
dimensions of both the glass domains and the nuclei of the cells. Also, in  
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both geometric patterns, the reduction of the adhesive glass width induced 
human dermal fibroblasts to create bonds amongst themselves. NIH3T3 
cells adhered inside the squares and the spiral, but reducing the adhesive 
glass domains width induced NIH3T3 to also adhere to immobilised Hyal 
probably due to the binding of cell’s specific receptor for Hyal, CD44 to 
photoimmobilized Hyal. 
Then co-cultures of different cell types were performed on micro-
structured surfaces. Cell behaviour was evaluated and monitored by 
inverted optical and time-lapse video microscope. A heterotypic cell-cell 
interaction among two or three different cell types occurred in the same 
chemical and topographic micro-domains. By co-culturing fibroblasts with 
different dimensions (human dermal fibroblasts greater than NIH3T3) 
with already adhered HCAEC on patterned samples with different 
dimensions, it was demonstrated that the success of the co-culture did not 
depend on cell dimensions but rather on the dimension of adhesive 
microdomains. The simultaneous presence of HCAEC and NIH3T3 
fibroblasts did not prevent the adhesion of human normal osteoblasts on 
the spiral pattern. In particular, areas containing three different types of 
cells were visible along the glass spiral pattern mostly on the external of 
the spiral, where the available space to spread was wider.  
Cell behaviour on randomly modified surfaces was also 
investigated. Randomly modified surfaces were sandblasted titanium 
disks, bare or coated with CMCAPh, a new phosphonate derivative of 
carboxymethylcellulose (CMC). The cells tested were human osteoblasts. 
Coating was used with the aim to increase the osteogenic activity of 
implant surfaces. The phosphonate polysaccharide was obtained by using 
a carbodiimide-like activating agent for carboxylic groups and 2-
aminoethyl-phosphonic acid to create an amidic bond between the amine 
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of the phosphonate agent and the carboxylic acids of CMC. The polymer 
was characterized by 
31
P-NMR, FT-IR and potentiometric titration. 
CMCAPh showed different properties from CMC and its amidated 
derivative polymer CMCA. Furthermore the polymer film on the titanium 
surface was characterized by AFM and TOF-SIMS analysis. An ATR FT-
IR study was carried out to evaluate the polymer bonding mode onto the 
titanium surface. The effect of CMCAPh polymer in solution on normal 
human osteoblasts (NHOst) was studied in vitro, monitoring cell 
proliferation, cell differentiation and osteogenic activity and was then 
compared with that of the amidic derivative of carboxymethylcellulose 
(CMCA). Osteoblast morphology was evaluated by SEM. Adhesion 
analysis of normal human osteoblasts (NHOst) demonstrated a better 
adhesion on the titanium surface coated with CMCAPh than on bare 
titanium. 
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Aim of the thesis 
 
The aim of this thesis was to investigate cell behaviour in terms of cell-
surface and cell-cell interaction on micropatterned and randomly modified 
surfaces. Based on the data obtained with micropatterned surfaces, that 
clearly indicated that modifying surface topography and chemistry deeply 
affected cell behaviour in terms of cell adhesion, morphology and 
proliferation, I sought to investigate the effect of mechanical and chemical 
modification of titanium surfaces in order to improve osteoblasts adhesion 
and proliferation. The final goal was to ameliorate osteointegration of 
titanium implants with the surrounding bone.  
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INTRODUCTION 
 
Micro and nano -technology can be defined as the science and the 
engineering involved in the design, synthesis, characterization, and 
application of materials and devices whose smallest functional 
organization is in the nanoscale. One of the promoters of nanotechnology, 
Albert Franks, defined it as “that area of science and technology where 
dimensions and tolerances in the range from 0.1 to 100nm play a critical 
role”. In fact, at this scale, consideration of single molecules and 
interacting groups of molecules in relation to the macroscopic properties 
of the material bulk, becomes important. The micro and nano-technology 
definition involves also the concept of a sort of surface order and surface 
control obtained by the manufacturer, otherwise every material, being 
made by atoms, could be considered nano-structured. At the beginning, 
micro and nano-technologies were restricted to the production of 
integrated circuits in microprocessors [1,2], but now they offer the 
possibility to generate well-defined nano and micro-scale patterns of 
materials in biomedical applications. 
The most challenging and fashionable application in medicine of 
micro and nano-patterned materials is tissue engineering. The aim of 
tissue engineering is to replace diseased or damaged tissues with biologic 
substitutes that can restore and maintain normal function. The main 
difficulty is to obtain an organized architecture capable to mimic the 
complexity of functional tissues. Most of cells in vitro grow in fact in a 
random way that does not resemble their arrangement in natural tissues. It 
is well known that if cells are cultured on micro or nano-patterned surfaces 
they respond to the surface cues in a specific controllable manner.  
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The presence of geometrical cues on a biocompatible substrate 
may for instance induce the alignment of cells and guide tissue 
regeneration in the desired direction. Micro-fabricated substrates can 
present multiple adhesive or morphogenic signals that may cooperate to 
condition cell orientation and growth in a small dimension simultaneously. 
It is also known that surface chemistry [3-6] and surface topography [7,8] 
influence protein adsorption and cell adhesion in a scale ranging from 
microns down to few nanometers. 
Micro and nano-engineered materials and devices designed to 
interact with cells and tissue or to perform biological specific functions 
should offer a high degree of interaction between the implant and the 
surrounding tissue. Such materials can be called “smart biomaterials” 
because they are man-made materials that have been designed to induce a 
specific biological response [9,10]. The  interaction between the material 
and the host tissue needs to be investigated, controlled and improved in 
order to avoid undesired reactions in the surrounding host tissue that may 
eventually lead to failure of integration of the implant into the biological 
environment of the host [11,12]. 
Major advances in regenerative medicine have been accomplished thanks 
to innovative tissue engineering materials and techniques. 
 
Production of micropatterned surfaces: physico-chemical approach 
Patterning approaches have greatly profited by combining 
microfabrication technologies with biochemical functionalization to 
present to the cells biological cues in spatially controlled regions. 
In general, two approaches are available for the creation of micro- 
and nano-structured surfaces. The first, the so-called “top-down” 
approach, allows to modify a macroscopic material by removing parts of it  
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or by incorporating details on it. Almost all of the “top-down” techniques 
require the use of lithography: photolithography, ion beam lithography, 
electron beam lithography and X-ray lithography. One of the most known 
is photolithography, used in the semiconductor industry to create circuits 
by etching patterns on silicon wafer [13]. While the other techniques 
require expensive equipments and are long time writing processes, 
photolithography is a fast and quite low cost procedure.  
The photolithography process consists of transferring geometrical 
features to a surface using a mask. Basically, a thin uniform layer of 
photoresist is spin coated on the desired surface. Photoresists are 
macromolecules, generally polymers which react when exposed to UV 
light. There are two types of photoresists: positive and negative. Positive 
resists under UV irradiation undergo chemical changes in their structure 
and become more soluble in the developer solvent; thus the exposed resist 
is washed by the developer solution leaving windows of the bare 
underlying materials. Negative photoresists behave in the opposite 
manner. The UV light makes them more cross-linked and hard to dissolve. 
Therefore, the negative photoresist remains on the surface wherever it is 
exposed and the developer removes only the unexposed parts.  
By placing a photomask with a defined pattern on the sample 
surface it is possible to transfer the mask features on the surface. In the 
case of positive photoresists the transferred pattern is the exact copy of the 
mask; whereas for negative resists the pattern is the “negative” (the 
inverse) of the mask. Before exposure to UV light, it is necessary to 
modify the photoresist to make it photosensible. This can be done in 
various ways: conjugation with a photoreactive moiety as azidoaniline or 
soft baking are two examples. 
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As to the first approach, the top-down technique, a new soft 
lithography method, known as Decal Transfer Microlithography (DTM) 
[14], aims at creating micro and nanopatterns of various height and shape 
over a large area on different substrates by modifying their surface energy. 
DTM consists of transferring elastomeric decals, by means of cohesive 
mechanical failure, exploiting the interfacial bonding of 
polydimethylsiloxane (PDMS) on different substrates and subsequent 
rupture of the PDMS coating to obtain the desired pattern. This technique 
proved to be very useful for patterning micrometer-sized PDMS patterns 
on flat or curved large areas [15]. Further reports have described variations 
in the activation and transfer step of this technique [16,17], but a control 
of the patterned features has not yet been obtained. For this reason, 
Cortese et al. proposed a simple method to micro- and nanopattern 
surfaces using PDMS, based on oxygen activation of the surface [18] The 
proposed mechanism is that the oxygen plasma increases the number of 
Si-O bonds on the stamp surface. The presence of covalent bonds 
enhances the strength of the interfacial adhesion between the stamp and 
the substrate. Thus, the proposed technique allows to control uniform and 
precise micropattern fabrication with different heights and shapes on a 
large area.. 
Also Scanning Probe Microscopy (SPM) based techniques were 
used to pattern monomolecular films on surfaces. These strategies involve 
the controlled deposition [19,20], oxidation [21], or removal [22] of 
molecules lying on a surface. When a voltage is applied across a 
conductive tip to a surface, a self assembled monolayer of terminally 
functionalized molecules can be locally oxidized, creating a material 
contrast which can be in turn modified by the adsorption of a second 
molecule. 
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The oxidized molecules can be otherwise removed and backfilled 
with another different molecule. In the Dip-pen nanoapproach, a AFM tip 
is dipped in an ink solution and used to write structures with molecules 
containing a particular ending. The bare substrate areas can be 
subsequently backfilled with another molecule. This strategy has been 
used for patterning alkan thiols on gold surfaces. 
The second approach, the “bottom-up” technique is based on 
building organic and inorganic structures atom-by-atom or molecule-by-
molecule. Auto-assembling systems, like self assembled monolayers 
(SAMs) or block-copolymer assembling are known systems which can be 
considered as a bottom-up approach to build a surface with a defined 
chemistry [23-25]. The self-assembling process utilizes non-covalent 
molecular interactions such as hydrogen bonding, π-π stacking, and/or 
metal–ligand coordination.[26-30].  
Other methods have been proposed to pattern on specific 
substrates, such as microcontact printing (µCP) [31,32], colloidal 
assembling,[33] microfluidic systems,[31,34], inkjet printing.[35]. 
µCP, the most widely used, mainly developed by Whiteside et al. 
[36], has been exploited to pattern bio-active molecules on a given 
substrate [36-39]. µCP is particularly useful for spatially patterning SAMs 
with one type of terminal functional group, and backfilling with a second 
type of self assembling molecule [40,41], effectively combining 
techniques from the bottom-up and the top-down approaches.  
All these techniques aim to create “textured” surfaces with a 
standardized and controlled pattern, as grooves, pores, nodes, spheres, 
cylinders, protein tracks, in order to investigate the behaviour of cells [42-
49]. Grooves are the most common feature type employed in the study of 
the effects of surface structure on cells [50-81]. Typically, grooves are  
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arranged in regular, repeating patterns, often with equal groove and ridge 
width  
Moreover, surfaces with not well defined topographical features, 
called “random”, have also been investigated. Several techniques were 
used to create a random topography, such as polymer demixing technique 
[82], sandblasting with different grain sizes and air pressure [83], acid 
etching [84]. For example, Martin et al. sandblasted acid-etched titanium 
surfaces to create fine and coarse structures with sharp features <100 nm 
as well as larger pits and craters [85]. Kononen et al., Lampin et al., and 
Eisenbarth et al. have used sandblasting [83,84] and sanding [86], 
respectively, to produce features less than 0.5 µm in size. In general, cell 
adhesion, migration, and extracellular matrix (ECM) production are 
greater on rougher surfaces, like those obtained by sandblasting with 
larger size grains [83, 85, 87]. A clear correlation between the surface 
topography considered as simple material roughness and cell response was 
found by evaluating the reaction of bone cells to rough or smooth titanium 
and titanium alloys [88,89].  
 
Effect of chemistry and topography on cell behaviour 
It is well known that the chemical composition and the topography 
of the substrate influence cell response. Biological processes are in fact 
mediated by proteins and the physico-chemical characteristics of the 
surface are responsible of the type and the amount of proteins adsorbed 
from serum. Once a protein has adsorbed on a surface, it can be desorbed 
with any of the following effects: change of conformation compromising 
its biological function, exchange with other proteins present in the mixture 
(Vroman effect [90]). In addition, protein-protein interactions can 
dominate on single protein-surface interaction affecting the composition of  
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the protein layer adsorbed on a surface. Among the chemical 
characteristics of a surface energy (i.e. hydrophilicity or hydrophobicity) 
and surface charge are particularly relevant in conditioning protein 
adsorption. Surfaces with a low wettability promote protein adsorption 
while the hydrophilic ones discourage it [91]. In general, the surfaces with 
a high wettability promote cell adhesion, while those with a low 
wettability reduce it [92]. Similar cell spreading was observed on surfaces 
with different values of surface energy [93]. Among glass surfaces which 
differ in wettability properties, those with an intermediate value of contact 
angle have been demonstrated to be the most effective in inducing 
fibroblast’s spreading [94,95]. Therefore, optimal protein adsorption and 
cell adhesion are achieved at intermediate values of wettability. Physical 
methods, such as ion bombardment, irradiation with UV light or exposure 
to plasma discharge, have proved effective in increasing surface 
wettability of a material. Surfaces with different degrees of wettability can 
be obtained by controlled plasma [96,97]. These processes lead to the 
breaking of chemical bonds between carbon and non carbon atoms. The 
unsaturated carbon-carbon bonds and radicals react with oxygen and the 
new formed oxygen-containing groups increase surface wettability. 
Besides wettability also surface charge plays important roles for 
cell adhesion, spreading, and growth. Chinese ovarian hamster cells 
attachment is good on positively charged surfaces and poor on negatively 
charged ones [98]. Fibroblasts were shown with an electron microscopy 
study to attach with larger contact regions to less negatively charged 
substrates. When the negativity of the substrate charge increased, the total 
area of the contact regions decreased. [99]. 
The development of strategies to tailor substrates with moieties for 
controlling cell-surface interaction must address two challenges. The first  
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arises from the tendency of proteins to rapidly and not specifically adsorb 
on the material’s surface. Alkanethiols terminated with oligo(ethylene 
glycol) groups form SAMs (self assembled monolayers) that resist the 
adsorption of proteins. These so-called ‘inert surfaces’, when used in 
mixed SAMs that include alkanethiols that present other functional 
groups, isolate the biomolecular interactions of interest from non-specific 
effects and simplify fundamental studies of protein adsorption [100]. 
Monolayers presenting mannitol units are highly effective to prevent 
protein adsorption and are stable under conditions of cell culture for one 
month [101]. Although the complete knowledge of all the factors which 
determine surface protein adsorption and cell repulsiveness is still lacking, 
these studies suggest that inert materials may provide useful in studying 
the molecular aspects of cell-substrate interaction.  
The second challenge, which is even more difficult, arises from the 
non-uniform activities often displayed by immobilized ligands. In 
biological environments cells are exposed to micro or nano-discontinuities 
which can be reproduced on surfaces by varying the immobilized ligand 
density over the surfaces. In fact, the type of cell-binding ligands 
(peptides, proteins, etc.), their surface density [102-104] and spatial 
distribution [105-107] as well as their conformation [108], have been 
demonstrated to be important surface cues.  
 Most of physico-chemical techniques create micro-structured 
surfaces modified both chemically and topographically. Cells react to 
these structured surfaces with changes in cell adhesion, morphology, 
orientation, phagocytotic activity and alignment. Nano- and micro-
patterned substrates have been utilised to investigate the effect of the 
topographic control on these cellular activities in different cellular types 
such as osteoblasts [109-114], articular chondrocytes [115,116], Schwann  
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cells [117], astroglial cells [118], fibroblasts [119-123], endothelial cells 
[124], melanocytes [125].  
Considering the parameter of cell adhesion, some authors [117] in 
an in vitro model of nerve regeneration on microcontact printed polymeric 
substrates with patterns of lines and interval, have used pro-adhesive 
molecules like laminin to create a high order of orientation in Schwann 
cells for a better guidance of neurons. The opposite property, i.e. cell 
adhesion inhibition has been exploited to guide lymphatic endothelial cells 
growth and alignment in the desired direction. Cells grown on 
microstructures with alternating stripes of hyaluronic acid (Hyal) and 
aminosilanized glass obtained by photoimmobilization adhered and spread 
only on the aminosilanised glass, avoiding the Hyal stripes (126) assuming 
an elongated shape and orienting along the main longitudinal axis of the 
stripe. When the space was insufficient to spread, as in 5µm wide stripes, 
lymphatic endothelial cells were more elongated and prominent and 
established contact with neighbouring cells in the adjacent stripes [127].  
There have been a number of reports focusing on genomic 
response to adhesive nanotopographies and important changes include up-
regulations of cytoskeletal genes, signalling genes (notably G-proteins) 
and genes encoding for extracellular matrix (ECM) proteins [128,129]. 
Two low-adhesion surfaces have been studied with human genome 
microarrays (120nm diameter pits produced by electron beam lithography 
and 11nm high columns produced by colloidal lithography) in order to 
investigate the effect of the topography on fibroblast genome [130]. 
Microarrays revealed that fibroblasts responded to the low-adhesion 
materials with broad down-regulation of the genome compared to cells on 
planar control. The main set of down-regulated families are involved in 
the production of endogenous ECM, most notably collagens, thus  
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indicating that low cell adhesion and reduction in cell spreading results in 
poor matrix formation [131]. Cells tend to produce matrix after a period of 
proliferation, when they approach, or achieve, confluence [132]. It thus 
follows that low levels of proliferation, as would be expected from a 
surface that demotes cellular activity, would lead to low levels of, for 
example, collagen production. 
 
Interaction of cells with the extracellular matrix 
The shape, internal organization, and motility of cells are 
determined by two structural elements: the cytoskeleton and the 
attachment apparatus (focal adhesions) with which the cells adhere to the 
underlying extracellular matrix. The continuous breakdown and assembly 
of parts of cytoskeleton and of focal adhesions allows the cell to change its 
shape, to move, to divide, to respond to its micro-environment, to control 
the spatial location of cellular components, and to provide a 
communication pathway between cell organelles [133-136].  
The cytoskeleton consists of three groups of protein-based 
structures: microfilaments, intermediate filaments, and microtubules. 
Among cytoskeletal components, actin microfilaments have been proved 
to play an essential role in allowing the cell to change morphology and to 
move as demonstrated by in vitro experiments. If cytochalasins, that break 
actin filaments down are administered to a cell, locomotion, phagocytosis, 
cytokinesis, and the production of microspikes and lamellopodia are 
paralysed [138]. If phalloidin, that stabilize filaments, is injected into a 
cell, the cell’s migration is blocked. [139].  
Focal adhesions are the molecular devices responsible for the 
transduction of mechanical signals from the extracellular matrix into 
biochemical signals inside the cytoplasm. In response to interaction with  
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ECM proteins like fibronectin, integrins form clusters. Since integrins 
have no enzymatic activity, many of the signaling functions of focal 
adhesions rely on the phosphorylation on tyrosine of an associated 
molecule: focal adhesion kinase (FAK). FAK phosphorylation triggers a 
cascade of phosphorylations that causes actin and cytoskeletal 
rearrangements so that cells may strongly connect with the matrix and 
modify their shape. Molecular cascades triggered by FAK are also 
directed toward the nucleus where they act on promoters of genes for 
transcriptional modulation. Thus a number of cell activities, including 
movement, metabolism, permeability, shape and proliferation may be 
modulated [140]. Focal adhesions are therefore needed for cell attachment, 
spreading and movement, and may also be considered ‘hot spots’ for cell 
signalling [141,142]. They are not static but highly dynamic structures that 
are constantly remodelled in size, shape, and molecular assembly [143]. 
Dynamic turnover of focal adhesions is observed during cell movement in 
which focal adhesions also are frequently of smaller size, incompletely 
assembled, less stable [144, 145]. For example, fibroblasts and neural crest 
cells can lack or develop only transient focal adhesions while migrating 
[144, 146]. 
By using the technique of microcontact printing it has been 
possible to specifically investigate the expression and localization of focal 
adhesion proteins. Cells cultured on substrates with adhesive islands of 
defined size coated with fibronectin or vitronectin and separated by 
nonadhesive regions, adhere and spread on fibronectin-coated islands as 
small as 0.1 µm
2
,
 
when spacing between dots is less than 5 µm. Spacing of
  
5-25 µm induces a cell to adapt its shape to the fibronectin pattern.
 
The 
ability to spread and migrate on dots 1 µm
2 
ceases when the dot 
separation is 30 µm.
 
The extent of cell spreading is directly correlated to  
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the total
 
substrate coverage with ECM-proteins, irrespective of the
 
geometrical pattern: a minimum of 15% coverage of fibronectin is 
required for cell spreading and the formation of focal adhesions [147]. 
Microcontact printing has also been used to decouple focal adhesion 
assembly from cell spreading for the analysis of structure−function 
relationships in adhesive interactions [148,149]. When the fibronectin-
coated islands are very small (2-10 µm) cells simply adhere on them but 
have no sufficient space to spread. Under this particular situation focal 
adhesion assembly was evidenced to contribute significantly to adhesion 
strengthening independently of cell spreading and redistribution of 
adhesive structures. Moreover cell adhesion strength was found to be 
time- and contact area-dependent.  
 
The effect of surface topography on cell guidance  
The possibility of influencing cell behaviour by the topographical 
morphology of the surface on which cells are cultured was discovered by 
Harrison during the first part of the twentieth century [150]. This author 
found that the directional movement of cells was influenced by linear 
“spiderweb” threads. In 1945, Weiss [151] conducted experiments with a 
wide range of substrates, such as plasma clots, fish scales, and engraved 
glasses, and termed the changes in cell behaviour observed by Harrison 
“contact guidance”. Contact guidance also known as “cell guidance”, 
naturally occurs in embryonic morphogenesis, axon formation, and wound 
healing.  
Contact guidance has been in vitro induced allowing cell migration 
along physical structures of defined shape, e.g., the border of a glass 
coverslip or along 3-D aligned ECM in the absence of a gradient of 
chemotactic or haptotactic factors [152,153]. Since it depends on the  
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different chemical and/or topographic domains present on a surface and on 
their geometry, structures containing different chemical and geometrical 
domains have been realised to investigate cell-guidance induced cell 
behaviour. There are several works that demonstrate the importance of 
biomaterials with patterned topography to control cell guidance in order to 
direct tissue-specific functions, and consequently to assemble cells into 
desirable tissue structures resembling the native ones. Various cell types 
display contact guidance when cultured on groove and ridge patterns with 
lateral dimensions in the micrometer range and their actin cytoskeleton 
aligns according to the micropattern’s geometry [57-
59,64,65,67,69,74,112,154]. Focal adhesions also align along micrometer-
size grooves and ridges [51,76,64,112,120]. In fact, a study on 
cardiomyocytes behaviour has evidenced that neonatal cardiocytes 
cultured on the micro-patterned surface formed aligned myofibrils that 
were capable of synchronous beating [155,156].  
Neural cells are able to self-organize into linear structures under 
appropriate directional guidance signals [157,158], and patterned 
substrates guide the polarity of the axonal growth to form a highly 
stretched axon [159]. In a recent study, a separate use of micro-topography 
and immobilized NGF (Nerve Growth Factor) has demonstrated that the 
topography had a great effect on axon formation, in contrast with the more 
effective role of immobilized NGF in axon growth [160]. The 
consequence of these results is that by combining biochemical and 
physical properties on the surface of the material it is possible to produce 
enhanced neuronal responses. 
Micro-patterned substrates have been used to investigate the effect 
of the geometric control on many other cellular activities, such as stem 
cell differentiation [161], cell division [162] and motility [163]. 
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Interestingly, the differentiation of human mesenchymal stem cells 
cultured on micropatterns of different sizes obtained with 
photolithography and coated with fibronectin, has demonstrated that the 
spatial control of ECM with which cells are in contact is not limited to 
focal contact formation and growth rate. In fact, cells occupying the larger 
size cues, which had the possibility to spread over the substrate, 
underwent osteogenesis, while those growing on small contact areas, 
having not enough space to spread, remained round and differentiated into 
adipocytes [161]. 
As to cell motility, cell migration velocity, studied by using 
defined topographies and dimensions of the micro-structured features 
[164], was influenced by different micro-structures, but no crucial feature 
could be clearly identified. For this analysis the cell used were fibroblasts 
because of their known migration activity and reactivity on surface 
structures [165-167]. Moreover, the substratum for migrating cells in vivo 
comprises either extracellular matrix or the surfaces of adjacent cells and 
both are believed to inform the dynamic behaviour of adherent cells 
through contact guidance. For this reason, a study was performed in order 
to examine the influence of population pressure on the ability of 
substratum topography to induce contact guidance. The results 
demonstrate that the alignment of human dermal fibroblasts to micro 
topography is modulated by both guidance cues and physical contact 
between cells [168]. In particular, cells within confluent cultures and 
therefore under greater population pressure, were guided more effectively 
by shallower topography than cells comprising lower density cultures. 
In order to create a pattern of highly oriented cells capable of 
arranging themselves in a tissue it is also possible to produce surfaces that 
contemporarily contain micro and nano-domains and enable to manipulate  
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two fundamental external signals: cell-substrate and cell-cell interaction. 
Many studies focused on the production of micrometer scale structures 
correlating cell behaviour to similarly sized surface structures, and of 
nano-structured surfaces capable of interacting with the numerous 
functional nano-scale structures present within tissues. In a study on the 
influence of nano-scale topographic structures on the relationship between 
cells morphology and cytokine production, it was found that changes in 
cytokine release are a consequence of cell shape distortions [169]. Cell 
shape distortions can occur when the number, area and structure of focal 
contacts change. These distortions in turn can influence tissue architecture, 
proliferation, motility, apoptosis, differentiation and cellular trafficking 
[170-172]. 
The majority of artificial substrates for cell culturing were created 
in order to mimic the basement membrane. The fact that basement 
membranes are composed of unique and intricate topographies into which 
cells adhere and extend processes, coupled with the fact that topographical 
features have been proved to deeply affect cell behaviour, highlights the 
importance not only to try to reproduce basement membrane chemistry but 
also its topography. 
 
Co-cultures on microstructures 
The goal of tissue engineering is to simulate natural physiology 
and differentiation of cells in order to in vitro engineer a tissue or favour 
the formation of a repair tissue in situ. Tissues are complex three-
dimensional structures with a highly organized architecture made of cells 
and matrix. To maintain their form and function cells and matrix 
continuously interact with each other and with the surrounding tissues. 
Therefore, tissue formation and cellular function in vivo are regulated by  
 24 
cell–cell communication, cell–extracellular matrix interactions and soluble 
factors (173,174). Co-cultures allow to study the role of cell–cell 
communication and interactions between different cell types.  
Layer-by-layer deposition is one of the most utilised techniques in 
order to obtain micro-patterned surfaces for co-cultures. For example, 
Fukuda et al. [175] co-cultured embryonic stem cells or hepatocytes with 
NIH 3T3 fibroblasts on microstructures fabricated by layer by layer 
deposition: Hyal was first micropatterned on a glass substrate by capillary 
force lithography, and then the regions of exposed bare glass were coated 
with FN to generate cell adhesive islands. Once the first cell type had 
adhered on these adhesive islands, Hyal was covered with collagen by 
electrostatic adsorption. The non-adherent Hyal surfaces were so 
transformed into adhesive ones, thereby facilitating the adhesion of the 
second cell type.  
Layer-by-layer deposition has also been used to create 
micropatterns without the aid of adhesive proteins like collagen or 
fibronectin [176] exploiting the preferential attachment of different cell 
types onto differently charged domains of the substrate. First a synthetic 
polyelectrolyte multilayer (PEM) film was formed with the polyanion 
poly(diallyldimethylammonium chloride) (PDAC) and the polycation 
sulfonated polystyrene (SPS). SPS or PDAC patterns were then formed on 
PEM surfaces by microcontact printing. Hepatocytes were then seeded on 
the obtained microstructures and preferentially attached onto the SPS 
surfaces. Fibroblasts, which can attach to both PDAC and SPS surfaces, 
where then seeded and attached to the still free PDAC domains. As a 
result, patterned co-cultures of fibroblasts and primary hepatocytes were 
obtained.  
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Yamato et al. [177] have successfully prepared a co-culture system 
exploiting the capability of a thermally responsive acrylamide polymer, 
PIPAAm, to swell in response to a decrease in temperature. The polymer 
is covalently patterned onto culture surfaces by masked electron beam 
irradiation. The first cell type is seeded on the grafted polymer and 
allowed to reach confluence at 37°C. Temperature is then reduced below 
32°C to allow swelling of the polymer domains and this causes 
detachment of the cells from these domains. Another cell type may be now 
seeded over the surface and the temperature be brought back to 37°C. 
These newly seeded cells adhere only to the now-exposed polymer-grafted 
domains while the initially seeded ones remain adherent on nonpatterned 
surfaces. 
Thermoresponsive polymers exhibiting different transition 
temperatures in water [poly(N-isopropylacrylamide) (PIPAAm) and n-
butyl methacrylate (BMA) co-grafted as side chains to PIPAAm main 
chains] were surface-grafted in patterns to obtain patterned dual 
thermoresponsive cell culture surfaces using electron beam polymerisation 
and porous metal masks [178]. Hydrophobic/hydrophilic surface 
chemistry could be manipulated by culture temperature as the sole 
variable. At 27°C, hepatocytes adhered exclusively onto hydrophobic, 
dehydrated P(IPAAm–BMA) co-grafted domains, but not onto 
neighbouring hydrated PIPAAm domains. Sequentially seeded endothelial 
cells then adhered exclusively to hydrophobised PIPAAm domains upon 
increasing culture temperature to 37°C. Patterned co-cultures were so 
achieved. Reducing culture temperature to 20°C promoted hydration of 
both polymer-grafted domains, allowing release of the co-cultured, 
patterned cell monolayers as continuous cell sheets with heterotypic cell  
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interactions providing new useful constructs both for basic cell biology 
research and preparation of tissues.  
Also electroactive substrates of titanium-gold have been proposed 
to separately culture two different types of cells [179]. Microcontact 
printing was used to deposit a self-assembled monolayer of two types of 
alkanethiolates on gold. In this way it was obtained a micropatterned 
surface containing inert electroactive regions, having the capability to 
switch electrically to a state that promotes the binding with RGD groups, 
alternating with regions able to bind fibronectin. Then the substrate was 
immersed in a solution of fibronectin. Fibroblasts attached only to the 
regions covered by fibronectin. Electrochemical oxidation of the 
switchable regions in the presence of media containing RGD led to the 
immobilization of the peptide. Then a second population of cells could 
adhere on these electrically activated regions. 
Bhatia et al. [180] have prepared a stripe pattern surface by the 
photoimmobilization of collagen on patterned glass surfaces. Hepatocytes 
were then seeded at high density on the surfaces in a serum-free medium. 
Under these conditions hepatocytes only attached to the collagen coated 
stripes. The next day all unattached cells were removed by washing and a 
suspension of NIH 3T3 fibroblasts (or hepatocytes) in a medium 
containing serum was added to the system. Fibroblasts attached to the 
glass between the collagen-coated stripes containing hepatocytes. Thus 
alternating stripes of the two cell types were obtained. The homotypic 
(hepatocyte-hepatocyte) and heterotypic (hepatocyte- fibroblast) cell 
interactions could so be investigated. Both types of interactions exhibited 
positive effects on hepatocyte function. In particular, hepatocyte viability 
and a variety of liver functions have been shown to be stabilized for weeks  
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in vitro upon co-cultivation with liver-derived cell types as well as 
fibroblasts [181].  
An elaborated micropattern light projection apparatus has been 
used to pattern a photoresponsive polymer (PRCS) on a substrate in order 
to perform co-cultures [182]. PRSC was photoimmobilized by UV light 
irradiation on a tissue culture plastic dish. Polyethylene glycol (PEG) was 
immobilised on PRSC to prevent cell adhesion. The substrate was then 
UV irradiated through a photomask to switch PRCS from the hydrophobic 
to the hydrophilic state to release PEG and create cell adhesive areas. This 
process can be repeated as many times as desired so that several different 
cell types can be added in sequence. By using this system it has been 
possible to fabricate a liver-mimic tissue array which consisted in a 
patterned co-culture of HepG2 spheroids surrounded by Balb/3T3. Liver-
specific gene expressions were quantified with real time PCR. CYP3A4 
expression under these conditions was 50-fold higher than in 
conventionally cultured HepG2; CYP3A4 expression was 20% higher than 
in randomly co-cultured HepG2 and Balb/3T3. 
 
Osteoblasts/material interactions 
Among biomaterials titanium oxide is certainly one of the most 
frequently employed in biomedical applications. The surface topographic 
characteristics of titanium can be modified by sandblasting in order to 
achieve different degrees of roughness. These modifications are randomly 
generated. Based on the studies on micropatterned surfaces, I 
hypothesized that surface roughness of titanium might affect cell 
behaviour in terms of growth and metabolism. Just as the chemistry of 
micropatterned surfaces plays a critical role in influencing cell adhesion, I 
postulated that also chemical modifications of titanium surfaces, as those  
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achieved by coating with bioactive molecules like the phosphonated 
derivative of CMC, CMCAPh, may improve osteoblasts adhesion and 
function ameliorating the interaction between titanium implants and the 
surrounding tissue.  
 
Osteoblasts 
 The extracellular matrix of bone is composed of 90% collagenic 
proteins (type I collagen 97% and type V collagen 3%) and 10% non-
collagenic proteins (NCP) (osteocalcin 20%, osteonectin 20%, bone 
sialoproteins 12%, proteoglycans 10%, osteopontin, fibronectin, growth 
factors, bone morphogenetic proteins, thrombospondin etc.). All these 
proteins are synthesized by osteoblasts and most are involved in the 
regulation of their adhesion, migration, proliferation and differentiation 
[183,184]. Fibronectin and vitronectin have been shown to be involved in 
adhesion of osteoblasts in vitro. Some of the bone proteins (fibronectin, 
osteopontin, bone sialoprotein, thrombospondin, type I collagen, 
vitronectin) have chemotactic or adhesive properties, because they contain 
an RGD sequence which specifically recognizes integrins [185,186]. 
Osteoblasts play a key role in creating and maintaining skeletal 
architecture, and they do this through deposition of bone matrix and 
regulation of the differentiation and activity of the bone-reabsorbing 
osteoclasts. As a result of their ability to regulate osteoclastic activity, they 
play an indirect role in increasing calcemia. 
Osteoblasts not only secrete the organic components of bone 
matrix, but they are also indirectly responsible for the mineralization of 
osteoids, which are complex mixtures of bone matrix proteins surrounding 
osteoblasts [183]. Bone mineral consists of crystals of hydroxyapatite of 
Ca2+ and Mg2+. Osteoblasts contribute to the process of mineralization  
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providing the enzymes that regulate phosphoproteins’ phosphorylation, 
including alkaline phosphatase, a membrane-bound marker of osteoblast’s 
differentiation.  
 
Osseointegration  
It is widely accepted that four surface properties control the events 
which occur at tissue-implant interfaces: composition, energy, roughness, 
and topography [187]. Microtopography on dental and orthopedic 
implants may alter key biological events during postimplantation tissue 
healing by promoting early fibrin clot formation and platelet activation 
[188-191]; creating a three-dimensional environment that favours bone 
formation [114]; increasing the production of bone-related growth factors 
[192] and reducing osteoclastic activity [193]. A number of studies have 
shown that nanostructures can also influence the behaviour of various cell 
types [194-215] These findings are exciting because they relate to the 
scale on which cells function. Indeed, cells grow and thrive on 
nanostructured extracellular matrices [154,216,217]. The bone matrix into 
which implants are placed possesses an intrinsic nanotopography [218-
220] and cell/matrix/substrate interactions associated with intracellular 
signalling occur on the nanoscale [221-225] Such considerations have 
generated an increasing interest in elucidating the biological effects of 
nanostructured surfaces [226]. To promote tissue integration and stimulate 
tissue regeneration, interactions at the biomaterial-host tissue interface 
must be optimized [227]. 
 
The titanium oxide surface 
Titanium, pure or alloyed with other elements (Ti6Al4V, 
Ti6Al7Nb), is a widely used material for biomedical applications. 
 30 
Titanium is a bio-inert material with intermediate characteristics of 
workability and load resistance. Bio-tolerated metallic alloys, like surgical 
steel or CoCrMo alloy, present excellent workability and load resistance, 
but give unsatisfactory bone response and implant osseointegration, while 
bioactive materials (hydroxylapatite (HA) ceramic, bio-glasses) can 
provide good osseointegration but have low load resistance. Titanium is 
more elastic than metallic alloys and provides high mechanical 
performance. Moreover, it presents high corrosion resistance and excellent 
biocompatibility. The minimal tissue reaction induced by titanium is 
attributed to the protective and stable oxide layer naturally formed by 
spontaneous passivation of its surface in contact with air or water, that 
isolates the implant from the surrounding environment [228,229]. 
Titanium is in fact highly reactive in the presence of oxygen- or nitrogen-
containing species, spontaneously forming titanium oxide or nitride. 
Therefore, pure (unoxided) titanium surfaces can be maintained only in 
ultra-high vacuum or in noble gas atmospheres. The average thickness of 
the oxidized layer is 3-7 nm [230]. Depending on the oxidation state of the 
metal, different stochiometries have been reported [231]. The most stable 
and common oxide is titanium oxide (TiO2), with titanium in the preferred 
oxidation state +IV. This type of oxide is thermodynamically very stable; 
the Gibbs free energy of formation is highly negative (∆G0
298
 per mol of 
oxide formed = -888.8 kj/mol) [230].  
When kept at room temperature, native oxide films are mostly 
amorphous. In the nanometer range, some degree of short-range order has 
been observed [232]. At higher temperatures, two crystalline phases have 
been observed: rutile and anatase. In both cases, the titanium atoms are 
coordinated to six oxygen anions, a preferred coordination in many 
titanium compounds [230]. 
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The characteristics of a native titanium oxide film, kept at room 
temperature under controlled ambient conditions have been summarized 
by Textor et al. [230]: 
 The titanium metal surface forms an oxide layer, mainly composed 
of the most stable oxide TiO2, with a typical thickness of 3-7 nm. 
After an initial rapid increase of the oxide layer thickness (hours or 
days), the thickness only slowly further increases over longer periods 
of time (month or years). 
 The native oxide film shows a gradient of oxide stochiometry and 
titanium oxidation states, varying from +IV to zero: TiO2 (+IV), 
Ti2O3 (+III), TiO (+II), Ti(metal) (0). 
 Due to limited solubility of oxygen in titanium metal, the O:Ti ratio 
is much lower in the bulk metal, but not zero. 
 Hydroxide and chemiadsorbed water are strongly bound to the Ti 
cation at the outermost surface with properties depending on the 
surface fabrication conditions and history of the sample: additionally 
a film of weakly bound, physiadsorbed water is present. 
 Due to the high reactivity of a clean Ti surface and the presence of 
hydrocarbons in the ambient atmosphere, contamination of the 
surface by adsorption of adventitious organic molecules cannot be 
avoided under normal laboratory or industrial production conditions. 
The amount of contamination depends on the history of the sample 
and increases with time of storage under ambient conditions. 
 
The properties of an oxide layer kept in air are crucial in terms of defining 
the original state of a surface and important in the effectiveness of further 
surface modification steps, such as the adsorption of molecules or other 
types of functionalization. Titanium dioxide surfaces in contact with water 
 32 
exhibit hydroxide groups that are amphoteric, i.e. have both acid and base 
character. Depending on the pH of the solution and on the isoelectric point 
of the oxide(TiO2 = 6.2) [230], positive and negative surface charges are 
present at the oxide/liquid interface. For titanium oxide surfaces at 
physiological pH, a high density of hydroxides and a slightly negative 
charge have been reported [230]. Both parameters are believed to be 
important factors in explaining the excellent biocompatibility of titanium, 
since higher charge densities are believed to induce stronger protein-
surface interactions, for example resulting in denaturation of the adsorbed 
proteins and a subsequent adverse response by the body [229]. 
The introduction of additional components into an aqueous fluid 
such as ions and small biological molecules (proteins, glycoproteins, 
glycolipids, etc.) results in further time-dependent changes in the structure 
and the chemical composition of the surface. In the case of the inorganic 
components, a high affinity between titanium dioxide and calcium or 
phosphates has been reported. Ions become dynamically adsorbed at the 
surface and finally incorporated inside the oxide layer, leading to the 
formation of a calcium phosphate layer. This type of modified interfacial 
layer formed in vitro is also observed at the implant/bone interface in the 
case of in vivo experiments [230]. Therefore many studies aimed at 
investigating different possibilities to enhance the formation of calcium 
phosphate layer by modification or addition of elements to the oxide layer 
in order to enhance the osseointegration of a biomaterial device[233].  
  
Modification of surface topography 
Modifications of the roughness of titanium surfaces and its effects 
on the biological in vitro and in vivo responses have been extensively 
investigated [234-236]. Titanium surface topography can be tailored  
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according to the application needs with the help of various techniques. In 
the literature, the adjective “rough” describes a wide range of different 
surface topographies and structures. A thin layer of titanium, either as a 
pure metal or a stochiometric oxide, is deposited using thermal 
evaporation or sputter techniques [237]. Of course many other substrates, 
surfaces and techniques such as epoxy resin replicas [238] can be used to 
produce structured surfaces. 
Other techniques such as machining/micromachining, particle 
blasting and titanium plasma spraying, chemical/electrochemical etching 
or particle blasting and acid etching [238-243], grit blasting [231, 244], 
simple sandpaper grinding [234,245] and shot peening [246] have been 
used to produce topographical features that are distributed randomly over 
the surface. These methods generate different and distinct surface 
topographies, which might provoke different responses in cells seeded on 
them and render 3D implants more suitable for biomedical applications. 
In order to produce special topographies, it is important to keep 
undesirable changes of chemical composition of the surface under control. 
This becomes particularly important when the surfaces are going to be 
used for biomedical device applications. In fact, the machining techniques, 
as shot peening, grit blasting, sandpaper grinding, create variations in both 
surface topography and roughness, but also lead to differences in crystal 
surface and surface chemistry due to the energy generated by the method. 
For example, it has been shown that shot peening may alter the surface 
energy of a metal [246]. A strategy to reduce any differences in 
cristallinity or surface chemistry was to subsequently coat by plasma 
sputtering the surfaces with hydroxyapatite, a cement analogous to the 
inorganic mineral phase of bone [247]. 
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Modification of surface chemistry 
The concept of “modification of the surface chemistry” includes a 
number of different possibilities that allow the tailoring of the 
surface/interface composition for biological applications. Since the 
number of systems that make use of titanium oxide as a substrate appears 
somewhat limited, other substrates such as silicon oxide, glass, gold and 
other oxides relevant for the biosensors field, are investigated. Only 
selected systems can be applied to commercial titanium-based implants. 
For purely scientific purpose, the substrates can be modified to enable 
successive modifications. For example, Ferris et al. [248], deposited a thin 
gold film on top of the native titanium oxide and further modified. 
Fixation of surfaces to bone can be further enhanced by applying 
ceramics, such as hydroxyapatite (HA) or tricalcium phosphate (TCP), or 
growth factors to the porous surfaces [249,250]. For example, HA/TCP 
treatments create biocompatible surfaces that accelerate bone ongrowth 
without an intervening fibrous membrane [251-255]. The clinical success 
of HA coatings is well documented [256-258] although disadvantages of 
HA coating are: the additional cost and concerns about late resorption, 
delamination, and contribution to wear particle load [231,259-263].  
Specific amino acid sequences present in many extracellular matrix 
proteins have been shown to be efficient bioligands for cell attachment to 
surface via integrins [264-267]. These relatively short peptides (about 15-
20 amino acids) are less susceptible to denaturation than adhesion proteins 
and growth factors. Different sequences have been reported to be present 
in cell-binding domains and the specific interaction of osteoblasts with 
peptide-functionalized surfaces has been carefully investigated [268,269].  
The most common of these cell-binding domains is Arg-Gly-Asp 
(RGD) [268,270,271]. This three amino acid sequence RGD is found in  
 35 
cell adhesive proteins such as fibronectin or vitronectin, which are 
important in mediating cell adhesion of most cells, including osteoblasts, 
to synthetic material surfaces. A way to functionalize the surface with the 
RGD consists in the use of different linkers [248, 272], as cystein, 
containing the reactive thiol (-SH) group [273-277] or acrylamides 
[278,279] to covalently bind peptides containing the RGD- or other 
sequences to the surface, either directly or through the use of suitable 
bifunctional crosslinkers. 
Grafting of RGD peptides has been performed on different 
biomaterials, such as hydroxyapatite, titanium and polymers [280-284] 
and has been shown to improve osteoconduction in vitro. In addition, 
RGD peptides can be bound to Ti by different technologies such as 
goldthiol chemistry [248] or functional groups like polyphosphonic acid 
[285]. 
Recently, a novel metallic surface enhancement technique has been 
developed using a chemical surface treatment that results in a self-
assembled monolayer of phosphonate molecules (SAMP) covalently 
bonded to the naturally occurring oxide surface. This SAMP platform is 
mechanically strong and chemically stable, while enabling high surface 
coverage by organics [286-289] such as the RGD tri-peptide (Arg–Gly–
Asp), which is a known active modulator of osteoblast adhesion and 
proliferation [290-292]. 
Another method to obtain a bioactive titanium surface was 
developed by using bisphosphonates, antiresorptive drug. A common 
method for binding bisphosphonates to implant surfaces is to use 
hydroxyapatite [293-298], other calcium compounds [299] or fibrinogen 
film [300] on the surface. Phosphonates are known to adsorb on titanium. 
To be mechanically and physiologically stable, phosphonate layers have to  
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be covalently bound to the material surface by drastic conditions 
(anhydrous organic solvents, high temperature) which are not compatible 
with biomolecules stability [301,302]. Monolayers of RGD-phosphonates 
have been achieved using a complex multistep process which necessitates 
to tether a primer onto Ti surface, then a linker, and finally the peptide 
[303]. For this reason, a recent study has developed a new bisphosphonic 
molecule bearing a RGD peptide moiety in order to obtain a covalent 
bonding of the RGD-BP on titanium [304]. Bisphosphonate molecules 
have the same capacity to form monolayers on Ti but have a greater 
affinity than mono-phosphonates. Bisphosphonates are molecules derived 
from pyrophosphate and share the same chemical properties but are 
resistant to enzyme hydrolysis. In this way, it was possible to couple the 
effect of the bisphosphonate molecule with the improved adhesion to 
proteins of the integrin family of the RGD. 
 
Osteblast response to topographically and chemically modified Ti 
surface 
Osteoblast/material interaction depends on the surface aspects of 
materials which may be described according to their topography, 
chemistry or surface energy. These surface characteristics determine how 
biological molecules will adsorb to the surface and more particularly 
determine the orientation of adsorbed molecules [305]. They also 
determine cell behaviour upon contact. As previously shown, cells in 
contact with a surface will first of all attach, adhere and spread. This first 
phase depends on previously described adhesion proteins. Therefore, the 
quality of this adhesion process will influence their morphology, and their 
capacity to proliferate and differentiate.  
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The comparison of the behaviour of different cell types on 
materials shows that these different cell types react differently according 
to surface roughness [306-309]. Scanning electron microscopic 
examination of bone cells grown on materials with various surface 
roughness generally demonstrated that cell spreading and continuous cell 
layer formation was better on smooth surfaces compared to rough ones 
[310-312]. 
There is abundant evidence in literature that surface morphology 
and roughness strongly influence cell behaviour. Several studies have been 
performed on grooved surfaces, thus determining how surface topography 
can alter cell shape in vitro [313-316] and in vivo[317]. However, only 
few groups investigated surfaces with randomly distributed topographical 
features. The reason for this difference in interest could be explained by 
the fact that structured Ti surfaces, presenting randomly distributed 
topographical features, may be difficult to reproduce. Nevertheless 
extensive and systematic work on osteoblast-like cell responses to surface 
topography has been carried out by Boyan et al. [318]. In these 
investigation titanium surfaces were modified by sand blasting and acid 
etching (SLA) technology or plasma-spraying. The working hypothesis is 
based on the observation that bone formation is dependent on a variety of 
hormones, cytokines and growth factors that control cell metabolism in an 
autocrine or paracrine manner. Any changes in parameters that influence 
the degree of expression of these factors may modulate bone formation 
[319]. For this reason, the experimental design is mainly based on the 
determination of the expression of these factors, known to be co-actors in 
bone forming and remodelling processes, rather than on pure 
morphological investigation of the cells on the surface [318]. These 
experiments bring insights into different aspect of osteoblast’s biological  
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responses, such as proliferation, matrix production, calcification and local 
factor production [318]. 
For the determination of cell proliferation and cell number, the 
DNA content of the cultures and [
3
H]-thymidine incorporation were 
investigated [318,85]. Osteoblast-like cells on rough surfaces assumed a 
more round or cuboidal shape with cytoplasmic extensions communicating 
between cells or anchoring cells to the asperities of the surface. 
Proliferation on rough surfaces was decreased, as determined by cell 
number.  
Cell differentiation was investigated through measurements of 
alkaline phosphatase specific activity and osteocalcin production [85]. In 
the first case, a comparison between enzyme activity in the cell layer with 
that of isolated cells allowed to determine whether the effects of surface 
roughness were targeted on the extracellular matrix as a prelude to 
calcification. In addition, the production of osteocalcin, a marker of 
osteoblastic differentiation was determined. On rough surfaces, cell-layer 
alkaline phosphatase and osteocalcin increased, indicating that the cells 
were more differentiated [318,85].  
Calcification of the extracellular matrix is a key point in the 
process of bone formation. Alkaline phosphatase increases when the 
matrix is being prepared for calcification. However, once hydroxyapatite 
crystals form within the matrix vesicles, the alkaline phosphatase activity 
begins to decrease. Therefore, when performing such calcification 
investigations, not only the surface roughness, but also parameters such as 
surface composition and cell maturation have to be considered 
[318,209,85]. 
Prostaglandin 2 (PGE2) and transforming growth factor β1 (TGF- 
β1), which are important in wound healing and osteogenesis [320 -323], 
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can be locally synthesized by osteoblasts. Their presence influences cell 
response via autocrine and/or paracrine mechanisms. It has been 
demonstrated that the amount of PGE2 and TGF- β1 increases when 
MG63 osteoblast-like cells are cultured on rough surfaces [318,324,311]. 
Studies have also shown that the more differentiated osteoblasts 
produce increased levels of factors that stimulate vasculogenesis [325] and 
factors that decrease osteoclastic activity such as the RANK ligand 
(RANKL) decoy receptor osteoprotegerin (OPG), an osteoclastogenesis 
inhibitory factor [195,196]. These observations indicate that growth on 
microstructured Ti promotes osteogenesis over-resorption during peri-
implanta bone formation in vivo, and this hypothesis has been supported 
by preclinical and clinical studies showing increased bone-to-implant 
contact and increased pull-out strength [197,198].  
Wieland et al., performed a morphological study on fibroblasts 
[238] and osteoblasts [241] grown on randomly structured surfaces. Cell 
membrane and focal adhesion sites (vinculin) were stained with 
fluorescent probes and 2-D sections of the cells at different heights were 
recorded. The 3-D cellular morphology (cell volume) was reconstructed 
with the help of a specific software. The results indicate that both 
fibroblasts and osteoblasts spread more extensively and were flatter on 
smooth surfaces than on rough ones [238,241]. Despite changes in 
fibroblasts cell area, the volume was found to remain almost constant for 
all investigated surfaces [238]. Osteoblasts cultured on the rougher 
surfaces exhibited significantly greater cell thickness than those cultured 
on smoother surfaces [241]. The formation of nodules was also 
investigated. These results, which confirmed those obtained by Boyan et 
al., constitute further evidence that changes in cell shape due to 
topographical changes can modulate cell behaviour. 
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Additional data concerning cell behaviour on randomly structured 
surfaces has been provided by Ahmad et al. [326] and Könönen et al. 
[327]. The first investigated the behaviour of human osteblast-like cells on 
commercially pure titanium substrates of different purity grades. Despite 
of using the same preparation procedure, the topographical properties of 
the obtained surface differed, while the chemical composition remained 
constant. The cell number, the amount of extracellular matrix calcium 
content and the amount of collagen synthesized were higher on the rough 
than on the smooth surfaces. Könönen et al. investigated the response of 
human gingival fibroblasts on titanium surfaces with different 
topographies (smooth, grooved, etched, and sandblasted). The adhesion, 
orientation and proliferation of fibroblasts increased on smooth or finely 
grooved surfaces [327].  
Several studies have shown that even subtle differences in surface 
composition, including Ti oxide crystallinity, can modify cell response, 
even when surface roughness is maintained constant [328-333]. Other 
studies demonstrated that osteoblast-like cells respond in a different 
manner to both surface roughness [334-337] and material composition 
[338-340]. Lincks et al. [324] reported that the behaviour of MG63 
osteoblast-like cells, seeded onto titanium and titanium alloys, was 
dependent on surface roughness and composition. In fact, MG63 cells 
grown on rough Ti surfaces exhibited a more differentiated phenotype 
than cells grown on smooth Ti surfaces; and cells grown on rough Ti alloy 
ceased to proliferate and initiated expression of the mature osteoblastic 
phenotype at a slower rate than cells cultured on rough Ti. This 
phenomenon may be explained by the fact that even though a titanium 
oxide layer forms on both Ti and Ti-alloy surfaces, it is unlikely that the 
oxides are identical. Certainly mosaicism of the alloy components would  
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result in a more complex surface chemistry. This would have a direct 
effect on the nature of the conditioning film that forms as the material 
surface interacts with culture medium [341-343]. In addition, ions released 
from the alloy could also modulate cellular response. Recently, studies 
using fibroblast cultures demonstrated that locally released vanadium ions 
from Ti-6Al-4V alloy surfaces had a negative impact on cell adhesion 
[344]. Thompson and Puleo [345] have also shown that Ti-6Al-4V ion 
solutions can inhibit expression of the osteogenic phenotype by bone 
marrow stromal cells, suggesting that ions released from implants could 
also impair normal bone formation. Despite the differences in cellular 
response due to material composition, roughness remains the overriding 
variable in promoting osteogenic differentiation. 
Although it is easy to find evidence for the influence of surface 
topography on cell behaviour, it is more difficult to find a clear description 
of the driving mechanism and a general theory of why topography 
influences cell behaviour. The first effect, induced by the presence of 
topographical features on a biomaterial surface, is mainly a geometrical 
one. Topography limits the freedom of movement of cells along the 
surface. The sensing of these topographical obstacles can be explained 
with the help of the microfilament hypothesis or the stochastic model for 
cell locomotion. The microfilament hypothesis, combined with the 
surface-curvature effect proposed by Curtis et al., identifies actin filaments 
and focal adhesions as topographical sensors [318,346,347]. This was 
confirmed in the case of ordered arrays of topographical features, such as 
grooved surfaces. It is unclear what happens when the preferred 
movement direction is missing, as in the case of randomly structured 
surfaces. A possible explanation could be that the cells cannot freely 
spread and tend to assume a cuboidal shape, just as they do in vivo [318]. 
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To correlate surface roughness and the observed increase in 
osteoblast phenotype markers (see above), Boyan et al. proposed a 
mechanism based on the activation of cellular receptors, as integrins. This 
mechanism acts through a signalling cascade that regulates phospholipase 
A2 activity and activates protein kinase A [318,348,349]. The activation of 
the receptor should then correlate with the fact that on rough surfaces, 
more protein per cm
2
 is adsorbed or at least presented to the cells.  
As with surface topography, the chemical composition of the 
surface can also induce different responses of the biological system. The 
surface-cellular receptors mechanisms involved in this process can be 
protein mediated. On the other hand, the implanted surface can be 
considered as a discontinuity in the biological tissue, thus leading to the 
formation of gradients or poles of different nature (chemical, 
electrical).Changes in the chemical composition of the surface can be of a 
different nature, i.e. surface energy (hydrophobicity, hydrophilicity) and 
surface-electrical charge (positive, neutral and negative). 
To elucidate the effect of surface wettability, different approaches 
can be chosen. The preferred way would be to consider those systems 
where “minor” changes in surface structure induce relevant changes in the 
physico-chemical properties of the surface, as in the case of functionalized 
self-assembled monolayers (SAMs) [350-353]. 
Surface wettability has been shown to influence the adsorption of 
both single protein solutions [354-356] and plasma [357]. However, the 
entire protein adsorption process from complex solutions such as serum or 
plasma, which includes aspects such as: reversible and irreversible steps, 
spatial conformation of the adsorbed molecules, diffusion, dissociation 
and exchange (Vroman effect [90]) is poorly understood. 
 43 
Studies on the correlation between surface wettability and cell 
behaviour have sometimes led to controversial results, indicating the 
complexity of such interactions. For example, a number of studies indicate 
an equivalent cell spreading on materials with different surface energies 
[358] and equivalent cell attachment on different surfaces preadsorbed 
with fibronectin [359], while others report an inhibition of cell attachment 
and proliferation on hydrophobic polymers [360,361]. 
Kalltorp et al. investigated the in vivo response of methyl-
(hydrophobic) and hydroxyl- (hydrophilic) terminated alkane thiols 
adlayers [357] and reported a high degree of cell recruitment after 24h 
implantation for the hydrophilic surfaces. As a possible explanation, it was 
suggested that the small surface energy difference between the hydrophilic 
substrate and the biological system causes a small distortion in the tissue, 
making the surface more attractive for cell recruitment. 
In addition to the effect of surface energy, surface charge is another 
factor influencing cell behaviour. This phenomenon is not yet completely 
explained and the results are sometimes controversial. Davies et al. 
investigated the behaviour of osteoblasts that migrated on a surface with 
positively and negatively charged areas. They observed that on the 
positively charged bead resins, the cells tended to completely adhere 
(close membrane-surface contact). On the negative charged areas 
however, cells maintained a “stand-off” position and contact was achieved 
by numerous filopodia [362]. Webb et al. have reported how NIH 3T3 
fibroblasts, cultured on positively charged surfaces (provided by the 
positive charge of quaternary amines) strongly promote cell attachment 
but do not influence cell area, shape, spreading or cytoskeletal 
organization in comparison to other negatively charged, hydrophobic or 
hydrophilic surfaces [363]. 
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Chapter 1 
 
MICROPATTERNED SURFACES: 
PRODUCTION AND PHYSICO-
CHEMICAL CHARACTERIZATION  
 
 
 
1.1. Introduction 
Hyal is one of the main components of the extracellular matrix. It 
is produced by Hyal synthase enzymes, as a linear polymer; the number of 
repeat disaccharides unit can reach 10000 or more, yielding a molecular 
mass of about 4 million Da, or a chain with an end-to-end distance of 
about 10 µm length [1]. The two components of the repeating units of 
Hyal are N-acetyl-D-glucosamine and D-glucuronate, linked by β1-4 and 
β1-3 linkages.  
Hyal contributes significantly to cell proliferation and migration, 
and may also be involved in the progression of some malignant tumors 
[2,3]. Native Hyal mainly interacts with cells by binding with the cell 
surface specific receptor CD44 [4], a highly glycosylated transmembrane 
glycoprotein involved in physiological cell-cell and cell-matrix 
interactions. CD44 consists of four functional domains of which the distal 
extracellular domain is the region primarily responsible for binding 
hyaluronan (Hyal).The Hyal binding sites of CD44 consist of basic 
aminoacidic clusters with specific arginine residues [5].  
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The cytoplasmic domain interacts with actin filaments through ankyrin or 
members of the ERM (ezrin-radixin-moesin) family [6] and is essential for 
Hyal-CD44 mediated motility. 
The in vitro response of cells to Hyal may have different effects 
depending on the molecular weight of Hyal added in culture medium and 
on the cell type. For example, mesenchimals cells in vitro form bone 
colonies when low-molecular weight Hyal is added to culture medium at 
the concentration of 1-2 mg/ml, but they do not proliferate in the presence 
of high-molecular weight Hyal [7]. On the contrary, bone marrow stromal 
cell proliferation is promoted by the presence in culture medium of 
4mg/ml of high-molecular weight Hyal and the effect is strictly dose-
dependent [8]. Addition of Hyal to epithelial CHO cell cultures reduces 
cell migration, proliferation and initial cell adhesion [9].  
Hyal has been widely employed to coat culture surfaces. The 
effects on cell response of Hyal coatings of culture surfaces are 
controversial. Some authors [9,10] reported that Hyal coating enhances 
cell adhesion and proliferation while others [11] found that highly 
hydrophilic surfaces, as the Hyal coated ones, prevent cell adhesion and 
proliferation. It is however universally accepted that photo-immobilized 
Hyal prevents cell adhesion [12-16]. This renders Hyal a particularly 
attractive molecule to create a micropatterned surface with alternating 
domains that promote and inhibit cell adhesion. An example are 
micropatterns with alternating stripes of Hyal and aminosilanized glass in 
which cells adhere and grow only on the aminosilanized glass avoiding the 
Hyal stripes [14]. The affinity of cells for aminosilanized glass may be 
explained by the presence of hydrophilic groups (i.e.NH2) which improve 
cell adhesion. 
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The geometry and dimensions of micropatterns are also important 
in affecting cell response. Surfaces with the same chemistry, but 
containing different topographical features differently influence cell 
behaviour in terms of cell shape and functionality [17,18].  
In the present study, to determine whether cell behaviour was more 
influenced by surface chemistry or topography, photoreactive Hyal was 
photoimmobilized by UV irradiation on a glass substrate in the presence 
of photomasks containing defined geometric patterns. These patterns 
contained adhesive domains of different dimensions thus allowing to 
investigate how progressively decreasing the size available for the cell 
affects cell shape and behaviour. In order to investigate the cell behaviour 
when the cells are constrained to adhere into a limited area, three cell 
types, human coronary aortic endothelial cell (HCAEC), human dermal 
fibroblasts, and NIH3T3 fibroblasts, have been tested on micro-structured 
surface. 
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1.2. Materials and methods 
 
The sodium salt of Hyalouronan (Hyal-Na, MW 180 000) was 
purchased from Biophyl S.p.A. (Germany). All other reagents were 
supplied by Sigma-Aldrich (Germany). 
 
1.2.1. Production of micro-patterned surfaces 
 
Derivatization of Hyal with a photo-reactive moiety 
In order to graft the polysaccharide on the material surface by UV 
irradiation it is necessary to make the polysaccharide sensitive to U.V. 
light through the conjugation with a photochemical agent. Among all 
different photo-reactive agents the azide derivatives are the most known 
and used; in particular the aryl azides remain the class of photo-chemical 
agents most commonly chosen for biological macromolecules. Simple aryl 
azides upon illumination with a wavelenght < 360 nm generate reactive 
electron deficient aryl nitrenes able to form covalent bonds with 
nucleophilic groups. The intermediate nitrene is highly reactive and can 
give rise to several different reactions such as insertion into C-H and N-H 
bonds, addition to double bonds, reactions with nucleophilic groups and 
oxygen. Although the aryl azides can mainly be photolyzed to aryl 
nitrenes, it has been shown that other secondary reactions may take place, 
inducing the formation of ring expanded species or dimers. The yield of 
each product depends on the reaction conditions. The formation of 
azidoaniline dimers can be avoided during the reaction keeping the 
reaction mixture in the dark and under controlled temperature. It must be 
considered that when the polysaccharide surface is exposed to UV light, 
all possible collateral reactions can not be kept under control.  
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Most aryl azides are stable in acqueous solution at pH 6-9 even at 37°C, a 
condition suitable for biological systems. Being Hyal-Na extremely 
soluble in water, the chosen aryl azide should be water soluble too.  
Among all the commercial aryl azides, 4-azido aniline has been chosen 
because it is the one which addresses best the required characteristics. It is 
water soluble and stable thanks to the resonance effect induced by the 
primary amine bond to the aromatic ring. When it is exposed to UV light, 
it generates a highly reactive nitrene by photolysis. Azidoaniline can bind 
with high selectivity to the carboxylate groups of Hyal through the 
formation of an amidic bond and the reaction can be carried out in water 
solution. In fact 4-azidoaniline hydrochloride has a photo-reactive N3 
group that, once exposed to UV light, becomes a highly reactive nitrene 
able to covalently bind to -NH2 groups of the aminosilanised glass. 
The catalyst of the photo-immobilisation is the 1-ethyl-3-
[3(dimethylamine)-propyl]carbodiimide hydrochloride (water soluble 
carbodiimide, WSC).  
The three reagents: polymer, azidoaniline and WSC, have been 
dissolved into 100ml of distilled water in a 1:2:2 molar ratio and the 
solution pH was adjusted to 7.0 with 0.1 M NaOH solution. The solution 
was stirred at 4°C for 24 h in a dark room. Then, the solution was dialysed 
with a dialysis membrane of 12 000 Mw cut-off for 48 h against distilled 
water to remove all the unreacted components. The purified solution was 
then lyophilised.  
The success of the reaction was verified by infrared spectroscopy 
through the identification of azide groups and the presence of the amidic 
bond formed during the reaction. Infrared spectra were collected using an 
FT-IR spectrometer (FTS 6000 Biorad, Bio-Rad Hercules, CA) equipped 
with the apparatus for ATR experiments and a light microscope (UMA  
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500 Biorad). The internal reflection element used was a germanium single 
reflection crystal with a 45° incidence angle. ATR FT-IR spectra were 
collected on powdered samples and on thin films cast from aqueous 
solutions on glass by acquiring 64 scans from 4000 to 800 cm
-1
, with 2 
cm
-1
 resolution. A mercury cadmium telluride (MCT) detector was used. 
The ATR FT-IR spectra are reported as acquired.  
 
Aminosylanisation of glass substrates 
Coverlips (12mm Ø, obtained from Agar Scientific Limited, 
England) for optical microscopy were used as substrates. Grafting of 
polysaccharide on glass requires a pre-treatment which allows the 
insertion on the substrate surface of chemical groups able to react with –
N3 group. Photoreactive polysaccharide containing an azido group, once 
exposed to UV irradiation, are photolized into a very reactive nitrene able 
to insert into C-H and N-H bonds.  
For this reason coverslips were modified by an aminosylanisation 
process which allowed the insertion on the substrate surface of primary 
amine groups as terminals of a propyl chain. In this way, it is guaranteed 
the insertion of CHx and NH2 groups which react with electron deficient 
nitrenes moieties bond to the polysaccharide chain. Furthermore, the 
presence of ending aminic groups increases the glass surface wettability.  
The aminosylanisation process consists in two steps: cleaning and 
functionalising the surfaces. The cleaning stage consist of dipping the 
substrates in Caro’s reagent [H2SO4 (95%v/v) and H2O2 (30%v/v) in a 2:1 
v/v ratio] for 20 min, then washing with distilled water; consequently the 
samples were dipped in a 0.5 M NaOH solution for 20 min, washed with 
distilled water and eventually dried under a flow of nitrogen. 
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The functionalising steps consists of the aminosylanisation 
process, therefore the cleaned glass substrates were incubated in a 1%v/v 
solution of 3-aminopropyl-3-aminoethyl- trimethoxysilane in acetic 
ethanol (pH 5) for 20 min, followed by washing first with ethanol and then 
with distilled water.  
 
Casting and photo-immobilisation of the photo-reactive polysaccharide 
An aqueous solution (pH 7) of the Hyal-N3 (1mg/ml) was prepared 
and 50 µl of this solution have been spin-coated at 2500 rpm for 30sec on 
the pre-treated glass substrates in order to obtain a thin film of Hyal. The 
substrates were then air-dried at room temperature in a dark room.  
The Hyal-N3 coated surfaces were photo-irradiated with an UV 
light source (Hg lamp U.V. Helios Italquarz GR.E, power 400 W 
wavelength range: 180-400 nm) set parallel to the sample plane at a 
distance of 40cm for 30 sec in the presence of a chromium photo-mask 
(Fig.1). The exposition time was set considering the time necessary to the 
azido groups to completely react with the surface. The absence of azido 
groups on the surface was checked by infrared analysis after UV 
irradiation. 
Three chromium-quartz photomasks with different features were 
used in order to obtain spiral and squares-rectangles patterns. The 
photomask designed for obtaining a positive spiral pattern contained a 
chromium spiral surrounded by quartz (chromium does not allow the 
passage of UV-light whereas quartz is transparent). The photomask 
designed for obtaining a negative spiral pattern contained a quartz spiral 
surrounded by chromium. The squared photo-mask pattern consists of 
alternating chromium and quartz squares with different dimensions. When 
the light passes through the quartz spirals or rectangles, it allows the  
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polysaccharide grafting on the surface, whereas when the light hits the 
chromium parts it does not go through the mask and the reaction does not 
happen. Thanks to photo-irradiation, -NH3 groups once exposed to 
illumination with a wavelength < 360 nm generate reactive electron 
deficient nitrenes able to form covalent bond with nucleophilic groups 
present on the surface, which are primary aminic groups and propyl 
chains. The samples were than washed with distilled water to remove the 
unbound polymer and obtain a polysaccharide surface pattern. 
Therefore, different geometries will be realized: 
 Square and rectangle pattern with regular alternating glass and 
photoimmobilised-Hyal domains; 
 Positive spiral pattern made of photoimmobilised-Hyal surrounded 
by glass; 
 Negative spiral pattern made of glass surrounded by 
photoimmobilised-Hyal.  
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Fig. 1. Photo-immobilisation process. 
 
 
1.2.2. Morphological and chemical characterization of the patterned 
polysaccharide surfaces 
 
Scanning electron microscopy (SEM) 
The micropatterned samples were gold sputtered with an automatic 
sputter coater (BAL TEC SCD 050, Balzer, Germany) and then observed 
using the scanning electron microscope (XL20 Philips, The Netherlands) 
at the range of 6-15kV accelerating voltage.  
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Atomic force microscopy (AFM) 
The morphology of the microstructured Hyal surface was analyzed 
by atomic force microscopy (AFM, Solver–PRO, NT-MDT, Russia) in 
order to evaluate the dimensions of the different surface features. The 
samples were first cleaned with a nitrogen flow then fixed to proper stubs 
with double tape. Measurements were performed in air in semi-contact 
mode using a gold coated silicon tip with a typical resonant frequency of 
between 120 and 180 KHz and a spring  constant of 5.5 N/m.  
 
Time-of-Flight Secondary Ion Mass Spectrometry (ToF-SIMS) 
Tof-SIMS analysis of the square patterned surfaces was carried out 
with a TRIFT III time-of-flight secondary ion mass spectrometer (Physical 
Electronics, Chanhassen, MS, USA) equipped with a 
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Ga
+
 liquid metal 
primary ion source. Positive and negative ion images were acquired with a 
pulsed, unbunched 25 keV primary ion beam at 600 pA by rastering the 
ion beam over a 300 µm x 300 µm sample area. The primary ion dose was 
kept below 10
13
 ions/cm
2 
to maintain static SIMS conditions. Charge 
compensation was achieved using a pulsed, low-energy electron flood 
gun. The data were acquired in raw data stream mode. Positive data were 
calibrated to CH3
+
 (15.023 m/z), C2H3
+
 (27.023 m/z), C2H5
+
 (41.039 m/z); 
negative data were calibrated to CH
-
 (13.008 m/z), OH
-
 (17.003 m/z), C2H
-
 
(25.008 m/z). Region-of-Interest (ROI) analysis was performed by 
extracting spectra from defined areas of interest in Tof-SIMS images. 
ToF-SIMS images are reported as acquired. 
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1.3. Results and Discussion 
 
1.3.1. Synthesis of the photo-reactive polysaccharide 
The presence of the azidophenyl groups in the polysaccharide was 
determined by infrared spectroscopy. The Infrared spectra show 
characteristic bands of the photoreactive polymer at peak 2124 cm
-1
 which 
is relative to the azidic group; the peaks at 1646 cm
-1
 and 1612 cm
-1
 have 
been attributed to C=O stretching of two amido group and finally two 
bands of the N-H bending at 1560 cm
-1
 and1510 cm
-1
(Fig. 2). 
 
 
 
Fig. 2. IR spectra of the photoreactive polymer. The band at 2124 cm
-1
 
indicates the presence of the azidophenyl groups in the polysaccharide. 
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1.3.2. SEM analysis 
SEM analysis of the micropatterned-Hyal surfaces demonstrated 
the realization of the spiral and square microstructured surfaces and the 
distribution of the different dimensions of the domains (Fig. 3a, b, c). Two 
kinds of spiral patterns were obtained: a positive spiral made of Hyal 
surrounded by glass and a negative spiral made of glass surrounded by 
Hyal. 
 
 
Fig. 3. SEM representative images after Hyal-photo immobilization by 
using three different photomask. Positive a) and negative spiral b), and 
the square and rectangles micro-patterned substrates c).  
 
Both spirals decreased in width from 100µm down to 1µm (Fig. 
4a). SEM images of the pattern showed a wide range in dimensions of 
both the square and rectangular areas. In particular, the largest domain was 
the central square whose dimensions were 100 µm x100 µm (Figs. 4b). 
Moving from the centre to the edge of the sample the dimensions of the 
domains were reduced to a few microns (Fig. 4b). 
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Fig. 4. SEM representative images. a) photoimmobilised-Hyal domains 
decrease in width from the periphery to the centre in both kinds of spiral. 
b) in squares micro-patterned substrates there is a progressive decrease of 
square dimensions from the centre to the periphery.  
 
1.3.3. AFM analysis 
 AFM analysis showed that the spiral width ranged from 110µm 
down to 1µm with an uniform thickness along the spiral of about 40nm 
(Fig. 5a). Concerning the squared pattern the entire view, in Fig 5b is 
reported only the area containing the smallest squares of 2.5x 2.5µm
2
, the 
average thickness was 40nm. 
a) 
b) 
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Fig. 5. AFM images (scan size 50x50µm
2
) of Hyal positive a) and negative 
spiral b), and Hyal squares d) on aminosilanised glass surface.  
 
The spiral shows an uniform thickness of about 40nm. The 
boundary of the peripheral and central domains of squares and rectangles 
of Hyal showed a sharp profile and an average height of about 20 nm (Fig. 
6).  
 
 
 
 
 
 
 
 
 
 
 
Fig. 6. AFM images (scan size 50x50µm2) of Hyal spiral a) and Hyal 
squares b) on aminosilanised glass surface. The spiral shows an uniform 
thickness of about 40nm. The average thickness of squares and rectangles 
of Hyal is 20nm.  
a) b) c) 
a) 
b) 
a) b) 
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1.3.4. ToF-SIMS analysis 
The positive ion ToF-SIMS ROI spectra extracted from different 
regions of the total ion ToF-SIMS image are shown in Fig. 7. The whole 
positive ion ToF-SIMS ROI spectrum extracted from the Hyal square and 
rectangular areas show the characteristic Hyal peak at 242 m/z belonging 
to C15H34N2
+
. This peak was not observed in the ROI spectrum extracted 
from the substratum area, which, instead, showed the Si peak at 28 m/z 
and other peaks characteristic of the aminosilanised glass substrate. 
 
 
 
 
 
28m/z – Si
+
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Fig. 7. Positive ion ToF-SIMS ROI spectra of Hyal microstructures. The 
spectra were extracted from the aminosilanised glass substrate (top) and 
from the Hyal microstructures (bottom) in the total ion Tof-SIMS image. 
 
Fig. 8 shows ToF-SIMS images of total ion, C15H34N2
+
 (242 m/z) 
and Si (28 m/z) acquired on the microstructures. Brighter pixels 
correspond to the higher intensity of a fragment. The intensity of 
C15H34N2
+
 was higher on the Hyal squares and rectangles, whereas the 
intensity of the Si peak was higher on the substratum, i.e. between the 
squares and rectangles.  
 
    
Fig. 8. Positive ion ToF-SIMS images of Hyal microstructures on 
aminosilanised glass. Images are 250µm x 250µm. 
242m/z – C15H34N2
+
 
100 µm 100 µm 100 µm 
 
Si+ - 28 m/z 242 m/z – C15H34N2
+ (+) Tot  al ion 
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1.4. Conclusions 
Photo-immobilization technique has been successfully applied to 
the realization of micro-patterned surfaces of defined geometries 
consisting of alternating domains of Hyal and aminosilanized glass with 
decreasing dimensions. The achievement of the desired patterns (spiral 
and square and rectangles) on the substrate was verified by SEM and AFM 
analysis. ToF-SIMS analysis evidenced that the patterns consisted of 
alternating polysaccharide and glass micro-domains indicating that a good 
chemical contrast between the different domains was achieved. In the case 
of the spiral, two kinds of spiral patterns were obtained: a positive spiral 
made of Hyal surrounded by glass and a negative spiral made of glass 
surrounded by Hyal. The spiral width decreased from 100 to 1µm. SEM 
imaging of the squared pattern showed a large range in features 
dimensions: from 100x100 micron of the square in the middle of the 
pattern, to few microns for the glass domains at the periphery. 
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Chapter 2 
 
MICROPATTERNED SURFACES: THE 
EFFECT OF THE DECREASING SIZE OF 
PHOTO-IMMOBILISED HYALURONAN 
DOMAINS ON CELL GROWTH 
 
 
 
2.1. Materials and Methods 
Bovine Serum Albumin (BSA), Dulbecco's Modified Eagle's 
Medium (DMEM), Trypsin solution, Sodium Cacodylate trihydrate 98%, 
and all other reagents used for cell culture were supplied by Sigma-
Aldrich (Germany). Glutaraldehyde (25% solution in water) was 
purchased from Merck-Schuchardt OHG (Germany). Monoclonal Mouse 
Anti-Human CD44 and Phagocytic Glycoprotein-1/FITC were supplied by 
DakoCytomation (Denmark). Monoclonal anti-actin antibody produced in 
mouse and FITC-conjugated anti-mouse IgG (FAb specific), antibody 
produced in goat were purchased from Sigma-Aldrich (Germany). Human 
coronary artery endothelial primary cell culture (HCAEC) and human 
dermal fibroblasts cell line and NIH3T3 fibroblasts  were purchased from 
CAMBREX (CAMBREX, Walkersville, MD). Cells were harvested and 
cultured following the supplier’s protocols. 
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2.1.1. Biological investigations 
Cell cultures 
The micro-structured substrates were ethanol sterilized with 70% 
ethanol for 20 min and left to dry at room temperature. Three cell types 
were tested on micro-structured surfaces: human coronary artery 
endothelial cells (HCAEC), human dermal fibroblasts, and NIH3T3 
fibroblasts. Each cell type was kept in Dulbecco’s modified Eagle’s 
medium (DMEM) supplemented with 10% Foetal Calf Serum, 1% L-
Glutamine-Penicillin-Streptomycin solution, 1% Non-essential Amino 
Acid solution, at 37 °C in 5% CO2 humidified atmosphere. At confluence, 
cells were washed with PBS, detached with trypsin-EDTA solution and 
then centrifugated at 1000 rpm for 10 min. The pellet was re-suspended in 
complete DMEM solution. Each cell type was seeded at a density of 
1.5×10
4
/ml/sample on the aminosilanized glass coverslips (control) and 
microstructured samples. Cell behaviour was evaluated with an inverted 
optical microscope (Olympus IX71, Olympus Optical CO. Hamburg, 
Germany) equipped with a digital camera (CAMEDIA, Olympus).  
 
Trypsin-EDTA treatment 
Trypsin-EDTA treatment was performed to demonstrate the 
presence of the squared and spiral patterns of immobilised-Hyal under the 
cell layer. Human dermal fibroblasts and NIH3T3 cells that adhered to the 
micro-structured surfaces were washed with PBS and removed with 
trypsin-EDTA solution. The samples were stained with toluidine blue for 
5min, washed in distilled water and photographed under a light 
microscope (Olympus IX71, Germany). Toluidine blue was chosen as a 
stain for its chemical ability to interact with the negative groups of Hyal 
[1]. 
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SEM analysis of cell morphology 
The micro-patterned samples with cells were fixed with 2.5% 
glutaraldehyde in 100mM Na-cacodylate for 15 min at RT. The samples 
were then washed overnight in 100mM cacodylate buffer and post-fixed 
with 1% osmium tetroxide in 100 mM cacodylate buffer. After fixation, 
the samples were dehydrated in ethanol gradient and desiccated overnight 
at room temperature. Finally, the samples were gold coated by a sputter-
coater (BAL-TEC SC 050, Balzer, Germany) and analysed by SEM 
(XL20 Philips, The Netherlands). 
 
Immunofluorescence evaluation of CD44 and β-actin expression  
In order to evaluate the adhesion mechanism of cells to 
photoimmobilized-Hyal, cultures were stained with a FITC-conjugated 
antibody to CD44. At day 4 of seeding, cells were washed with 1% PBS 
and fixed for 30 min at room temperature in 1.5% glutaraldehyde in 
100mM sodium cacodylate buffer. After washing, cells were incubated for 
30 min with a solution of BSA (3% in PBS) to block unspecific binding 
sites, washed again and then overnight incubated in the dark at 4°C with a 
monoclonal mouse antibody to human CD44 Phagocytic Glycoprotein-
1/FITC diluted 1:75 in 0.5% BSA in PBS.  
In order to evaluate whether NIH3T3 actin filaments undergo a re-
organization upon interaction with photoimmobilized-Hyal, cells were 
stained with a mouse monoclonal antibody  to β-actin followed by a FITC 
conjugated antibody to mouse IgG (Fab specific). After a 2h incubation 
with the primary antibody diluted 1:50 in 0.5% BSA in PBS, cells were 
washed and incubated for 1h in the dark with the secondary antibody 
diluted 1:50 in 0.5% BSA in PBS. 
 92 
Following incubation, all samples were again washed with PBS, 
mounted with Mowiol, observed with a fluorescence microscope (Eclipse 
TE300, Nikon) at x40 magnification and photographed by a digital camera 
(Coolpix 990, Nikon).  
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2.2. Results and Discussion 
 
2.2.1. Cell behaviour analysis on micro-patterned Hyal surfaces 
First of all, the affinity between human coronary artery endothelial 
cells, human dermal fibroblasts and NIH3T3 fibroblasts, and the 
immobilized Hyal was evaluated by seeding the three cell types on a 
homogenous film of photoimmobilized Hyal on glass. This preliminary 
analysis evidenced the all these cells failed to adhere on Hyal. Next, the 
topography effect was studied using microstructured samples. After 4 days 
of culture, the samples with seeded cells were fixed and observed using a 
light microscope. Toluidine blue, which stains cells in blue and Hyal in 
red-purple, was of great help in visualizing cell distribution.  
When HCAEC were seeded on spiral microstructures (positive or 
negative spiral), they did not adhere to microstructured Hyal but only to 
the aminosilanized glass (Fig. 1a). In square samples, HCAEC adhered to 
the glass and formed bridges to the edges of the bordering Hyal squares 
(Fig. 1b).  
As to fibroblasts, both human dermal and NIH3T3 fibroblasts, 
grew only on aminosilanized glass creating bridges over Hyal when the 
width of the positive or negative spiral adhesive glass decreased 
eventually forming a monolayer on top of Hyal (Fig. 1c,e). On square 
microstructures fibroblasts adhered to the square pattern forming bridges 
over Hyal to get in contact with neighbouring cells. When the area to 
spread over was insufficient, they formed a uniform layer of spindle-
shaped cells bridging over the Hyal squares (Fig. 1d,f) 
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Fig. 1. Light microscope images. HCAEC seeded on negative spiral a) and 
squared surfaces b); human dermal fibroblasts seeded on negative spiral 
c) and squared surfaces d); NIH3T3 seeded on negative spiral e) and 
squared surfaces f). All squares micro-patterned surfaces have been fixed 
and stained by using Toluidine blue. Original magnification x20.  
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2.2.2. Cell morphology  
SEM analysis showed that HCAEC cultured on both spiral 
patterns, positive and negative, probably as a consequence of the 
progressive reduction in width of the adhesive glass domains, acquired a 
characteristic elongated shape, stretching their cytoplasm forth. 
Particularly in the positive spiral, cells were able to colonize the glass 
domains up to 9.2µm in width (minimum width of adhesion) 
corresponding to the cell nucleus size (Fig. 2a). Human dermal fibroblasts 
that spread on Hyal-free regions had a flattened shape. In all geometric 
patterns, the reduction of the adhesive glass width induced fibroblasts to 
create bridges among themselves (Fig. 2b). Concerning NIH 3T3 cells, 
SEM analysis of both spiral type microstructures showed that the cells 
adhered to and proliferated on the central area where the Hyal-free regions 
were reduced (Fig. 2c). Moreover, NIH 3T3 cells emitted pseudopodia 
that adhered to the immobilised Hyal when the adhesive glass width was 
reduced to a few microns (Fig. 2d). A similar behaviour was observed on 
the square microstructured samples (Fig. 2e). 
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Fig. 2. SEM micrographs. a) HCAEC seeded on positive spiral pattern; b) 
human dermal fibroblasts seeded on a negative spiral micropatterned 
sample; c) NIH 3T3 adhering and proliferating on the central area of a 
negative spiral d) NIH 3T3 cell emitting pseudopodia that adhere to a 
negative Hyal spiral pattern; e) NIH 3T3 cells spreading over the Hyal 
domains between the squares. 
 
2.2.3. Trypsin-EDTA treatment 
The trypsin-EDTA treatment followed by toluidine blue staining, 
showed that squared and spiral patterns of photoimmobilised-Hyal were 
present also under cell bridges or monolayers thus evidencing that human 
dermal fibroblasts (Fig. 3a) and NIH3T3 cells (Fig. 3b) were capable of 
growing on pyhotoimmobilised-Hyal. 
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Fig. 3. Light microscope images, toluidine blue staining. Aspect of human 
dermal fibroblasts growing on a spiral pattern a); the same pattern after 
removal of cells with trypsin-EDTA solution, b). NIH3T3 seeded on spiral 
c); the same pattern after trypsin-EDTA treatment d). Original 
magnification x20. 
 
2.2.4. CD44  and β-actin expression 
CD44, the main hyaluronan receptor, is widely distributed in 
different cells and tissues. It belongs to a glycoprotein family, which in 
addition to the standard form, also includes numerous variant isoforms, 
resulting from alternative splicing and post-translational glycosylations 
[2]. The variant isoforms of CD44 retain the Hyal-binding link-
homologous region and some of them are over-expressed on the surface of 
a) b) 
d) c) 
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tumour cells [3,4], and immortalized cells like NIH 3T3. Moreover, the 
binding of Hyal to CD44 requires the formation of CD44 molecules 
clusters on cell surface [5]. Although CD44 has been reported to be 
present on HCAEC [6], my immunofluorescence data demonstrated that 
HCAEC grown on microstructured structures of any geometry, at variance 
with those cultured on glass coverslips in the presence of Hyal in culture 
medium, do not express the CD44 receptor for Hyal (Fig. 4b,c), This is 
probably the explanation of why these cells did not adhere to Hyal. As a 
consequence of the reduction the Hyal-free area, human dermal fibroblasts 
created bridges (Fig. 4d,e). The immunofluorescence analysis of NIH 3T3 
fibroblasts seeded on microstructured substrates showed an 
overexpression of CD44 on the cell surface membrane, and probably 
inside the cytoplasm. In fact, NIH 3T3 cells, being forced into a limited 
adhesive area, occupied the surrounding environment emitting 
pseudopodia, and then adhered to photoimmobilized Hyal (Fig. 4f,g). 
Several immortalized and tumoral cell lines have been reported to over-
express CD44 on their membrane surface [3,4]. The evident 
overexpression of CD44 at the edge of the pseudopodia that adhere to the 
photoimmobilized Hyal, may reflect the ability of hyaluronan to bind to 
the receptor clustered on the cell surface, as a consequence of its large and 
repetitive structure [5]. The probable presence of the fluorescence of 
CD44 inside the cytoplasm may be associated with the efficiency of Hyal 
degradation by transformed cells. In fact, CD44 expression not only 
induces Hyal binding, but is also associated with Hyal degradation, cell 
motility, and intracellular signalling. Transformed cells are able to degrade 
Hyal, and their invasive potential correlates with CD44-associated Hyal 
degradation [7]. 
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Fig. 4. Immunofluorescence micrographs. All cell types were grown on 
micro-structured surfaces and then incubated with a FITC conjugated 
monoclonal antibody to CD44. a) HCAEC positive control. b and c) 
HCAEC do not express the CD44 receptor to Hyal; d and e) human 
dermal fibroblasts show a non-specific fluorescence of CD44 
(arrowheads). f and g) NIH 3T3 cells show overexpression of CD44 both 
on the cell surface membrane (arrowheads) and inside the cells 
(asterisks). a and f) original magnification x40, b) d) g) x10, c) e) x20. 
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As mentioned above, CD44 is a transmembrane glycoprotein with 
four domains. In cultured cells, CD44 is strongly localized in 
correspondence of the regions of actin polymerization, such as membrane 
bundles. This suggests an association between CD44 and actin 
cytoskeleton. As the CD44 cytoplasmic domain has no actin-binding sites, 
CD44 interacts with actin filaments in an indirect way [3]. In fact, the 
cytoplasmic domain exhibits protein motifs that indicate a capacity of 
interaction with cytoskeletal-associated proteins, as well as the potential 
for intracellular signalling [3]. It is well known that Hyal-CD44 binding 
regulates cellular functions such as migration and phagocytosis; [3]; 
therefore, CD44 may be associated with the cytoskeleton and influence its 
organization. 
Immunofluorescence staining with a monoclonal antibody to actin 
allowed to observe the actin filament organization in the cytoplasm of 
NIH 3T3 cells adhering to photoimmobilized Hyal. NIH 3T3 cells sense 
the dimension changes of the spiral and square topographies modifying 
their morphology following adhesion to Hyal. In fact, in comparison with 
the actin filament structure of NIH 3T3 cells on glass (Fig. 5a), in figures 
5b,c, actin microfilaments are reorganized in elongated rows parallel to the 
cell axis. NIH 3T3 cells in (b) have a flat shape with actin filaments 
arranged in bundles at the edge of the pseudopodia, which adhere to the 
photoimmobilized Hyal. This behaviour indicates that the pattern 
dimensions influences the reorganization of actin filaments and thereby 
regulate cell behaviour with respect to the surrounding environment. 
When NIH 3T3 cells are confined in a limited space as in the decreasing 
part of the spiral or in the peripheral rectangles, they rearrange their 
cytoskeleton reorganizing actin filaments. The result of these events is the 
emission of pseudopodia sensing the photoimmobilized-Hyal domains. 
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The reorganization of actin filaments leads to the accumulation of CD44, 
which is the specific receptor for hyaluronan [8]. This may explain the 
presence of CD44 immunofluorescence at the leading edge of the 
pseudopodia.  
 
 
Fig. 5. Immunofluorescent micrographs. a) Actin filament structure of 
NIH 3T3 cells on glass. On both micropatterned samples b) c), NIH 3T3 
cells express a reorganization of β-actin microfilaments inside the 
pseudopodia. a) original magnification x40 and b) c) x10. 
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2.3. Conclusions 
The hyaluronan receptor CD44 is present on a wide variety of cells 
such as macrophages, endothelial cells, fibroblasts, lymphocytes, and 
tumor cells. Endothelial cells, such as HCAEC, normally express low 
levels of CD44 involved in their adhesion to Hyal.[9 Moreover, it has been 
demonstrated that soluble low molecular weight Hyal (MW < 1 × 10
6
), 
which corresponds about to the MW of our photo-immobilized Hyal, 
stimulates endothelial cell proliferation. [10]. Our experiments allowed us 
to demonstrate the absence of HCAEC affinity with immobilized Hyal in 
agreement with the results of previous studies. [11]. HCAEC was present 
on glass of both spiral and square microstructured surfaces as long as the 
dimensions of the pattern allowed the cell adhesion. The reduction of the 
adhesive glass regions of the spiral and square microstructured surfaces 
did not completely inhibit the migration of human dermal fibroblasts. In 
fact, human dermal fibroblasts created bridges to adapt their fusiform 
shape to the limited adhesive regions of glass, when the width of the spiral 
and squares made of immobilized Hyal decreased to a few microns. These 
findings are in accordance with Boraldi et al. [12] who demonstrated that 
Hyal induces changes in the architecture and behavior of normal human 
fibroblasts. Besides, the no-adhesion of the HCAEC and human dermal 
fibroblasts on immobilized-Hyal is in accordance with previous studies 
[11,13,14]. 
Conversely to HCAEC and human dermal fibroblasts, NIH 3T3 
tumor cells adhered to immobilized Hyal in the confined area. This 
adhesion has been demonstrated by pseudopodia emission and over-
expression of CD44 on the cell surface membrane. NIH 3T3 cells, like 
many other tumor cell types, are able to express high levels of CD44, 
which can have the ability to bind immobilized Hyal and induce Hyal-
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CD44 mediated migration [10,15,16]. The CD44 accumulation at the 
leading edge of NIH 3T3 cells is due to the reorganization of the actin 
cytoskeleton.[9] In fact, the strong effect of the reduction of the adhesive 
glass regions influences the reorganization of the actin cytoskeleton of 
NIH 3T3 cells and thereby induces morphological cell changes and the 
CD44 accumulation in correspondence of the regions of actin 
polymerization, such as pseudopodia. This is in accordance with the over-
expression of CD44 on the cell surface membrane when NIH 3T3 cells are 
forced to interact with immobilized Hyal on the spiral and square 
microstructured surfaces. 
Several studies have demonstrated that CD44-Hyal interactions 
have a significant effect on cell adhesion, proliferation, and migration in a 
variety of patho-physiological processes, such as tumor growth and 
inflammatory diseases [17,18]. Moreover, by increasing the induction of 
cell adhesion and proliferation, CD44 ability to encourage cell aggregation 
leads NIH 3T3 cells to adhere to and grow in the central area, too [19,20]. 
This fact explains the strong adhesion of NIH 3T3 cells to immobilized 
Hyal when confined to a limited adhesive area, in comparison to human 
dermal fibroblasts. These observations are in agreement with Alho and 
Underhill, who demonstrated that the receptor for Hyal is mainly 
expressed on actively proliferating 3T3 cells rather than on their 
nonproliferating counterparts [21]. 
In conclusion, although NIH 3T3 cells are more than capable of 
binding to immobilized Hyal, they do not adhere to substrates coated with 
a homogeneous film of immobilized Hyal. Instead, by using new 
topographical features, such as spiral and square micropatterns, we 
evidenced that it is possible to induce the confined NIH3T3 cells to adhere 
to immobilized Hyal, when they are forced to adapt their adhesion and 
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migration to a particular external environment. Because this ability of NIH 
3T3 cells is due to their characteristic proliferation, this research may be 
utilized for diagnostic applications. 
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Chapter 3.  
 
CO-CULTURES ON MICROSTRUCTURED 
SURFACES: HETEROTYPIC CELL 
INTERACTIONS ON RESTRICTED AREAS 
 
 
 
3.1. Introduction 
Tissue formation and cellular function in vivo are regulated by 
diverse biological factors, including cell-cell communication, cell-matrix 
interactions, and soluble factors. The ability to recreate such interactions 
in vitro may lead to advances in various fields, ranging from cell biology 
to tissue engineering. For example, tissue engineered constructs that aim 
to restore and enhance natural tissue functions should ideally incorporate 
features of complex tissues, such as the integration of multiple cell types 
with appropriate extracellular matrices [1]. The manipulation of the cell 
microenvironment by the modulation of cell-cell communication and 
cell-matrix interaction is the first step for creating such constructs for 
tissue replacement [2]. The presence of micro and nano-domains on a 
surface allows to create a pattern of highly oriented cells capable of 
arranging themselves in a tissue [3-6]. The domain dimensions should be 
of the same size as the biological entities with which they interact. In 
fact, in the realisation of microstructures, it is important to consider that 
the average dimension of a cell is in the range of 10-30 µm.  
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Most of approaches to create micropatterned surfaces were 
designed to culture only one cell type of cells on adhesive regions [7]. 
More recently, approaches have been developed for patterning two or 
more cell types in spatially defined co-cultures [8]. These approaches 
can be used to study the effects of cell shape, cell-matrix interactions, 
and heterotypic cell-cell contact on various cell functions [9,10]. Many 
studies on patterned co-cultures have involved the selective adhesion of 
one cell type compared to the normal adhesion of the other. For example, 
hepatocyte-fibroblast co-cultures have been realized on collagen-
patterned substrates by allowing hepatocytes to adhere to the patterned 
collagen coated regions and fibroblasts to the non-collagen-coated ones 
[11]. The two cell types may thus interact with each other remaining 
topographically separated. 
I here describe a method to obtain a more strict interaction 
between different cell types. Primary human endothelial cells (HCAEC) 
and human dermal fibroblasts were co-cultured on the same domains of 
square and rectangles micro-patterned surfaces to evaluate the influence 
of chemical, topographic and dimensional properties on cell adhesion 
and distribution. In order to investigate the effect of cell dimensions in 
the co-culture setting, fibroblasts of different dimensions (human dermal 
fibroblasts and NIH3T3) were seeded on patterned samples with already 
adhered HCAEC. The spiral pattern was also used to evaluate the effect 
of progressively decreasing the dimensions of the adhesive domain 
(aminosilanized glass) on cell migration of NIH3T3 fibroblasts in the 
presence of already adhered HCAEC. Finally, heterotypic cell-cell 
interactions were evaluated by seeding NIH3T3 and HCAEC on spiral 
patterned samples with adhered human normal osteoblasts (NHOst). 
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3.2. Materials and Methods 
 
Normal Human Osteoblasts (NHOst), Osteoblast Basal Medium, 
FBS, ascorbic acid, gentamicin/ amphotericin-B, Trypsin/EDTA, 
HEPES-BSS and Trypsin Neutralizing Solution were supplied by 
LONZA (USA). Other cells and reagents are as in Chapter 2. 
 
3.2.1. Biological characterization  
Cell cultures 
The microstructured substrates were sterilized by incubation in 
70% ethanol for 20 min and allowed to dry at room temperature. On these 
surfaces four cell types were tested: primary human coronary artery 
endothelial cells (HCAEC), human dermal fibroblasts, NIH3T3 fibroblasts, 
Normal Human Osteoblasts (NHOst). HCAEC, human dermal fibroblasts 
and NIH3T3 were propagated in Dulbecco's Modified Eagle's Medium 
(DMEM) with 10% Fetal Calf Serum, 1% L-Glutamine-Penicillin-
Streptomycin solution, and 1% Non-Essential Amino Acids Solution, at 
37°C in a humidified atmosphere with 5% CO2. At confluence, cells were 
washed with PBS, detached with trypsin-EDTA solution and then 
centrifuged at 1000 rpm for 10 min. The pellet was re-suspended in 
complete DMEM. NHOst were propagated in Osteoblast Basal Medium 
(OBM) with supplements and growth factors at 37°C in a humidified 
atmosphere with 5% CO2. At confluence, cells were washed with HEPES-
BSS and detached with trypsin-EDTA solution. The activity of trypsin 
was neutralized with Trypsin Neutralizing Solution. Osteoblasts were then 
centrifuged at 270 rpm for 5 min. The pellet was re-suspended in complete 
OBM solution. Each cell type was seeded at a density of 1.5 x 10
4
 /glass 
coverslip (1.2cm diameter) and /microstructured sample. The cells were  
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allowed to adhere for at least 2 hours to the substrate, then 1 ml of 
complete medium was added. Cell behavior was evaluated at each time 
point using an inverted light microscope (Olympus IX71, Olympus 
Optical Co., Hamburg, Germany) equipped with a digital camera 
(CAMEDIA, Olympus, Germany). 
 
Cell distribution 
Cell distribution on squares and rectangles was evaluated by 
optical microscopy and AFM analysis. HCAEC and human fibroblasts 
adhering to the microstructured surfaces were washed with PBS, fixed 
with 2.5% glutaraldehyde in 100mM Na-cacodylate buffer for 15 min at 
RT then washed with distilled water. For AFM analysis samples were 
utilized immediately after washing; whereas for light microscopy analysis 
they were stained with toluidine blue for 5min at R.T. and washed in 3 
changes of distilled water prior to observation. Toluidine blue was chosen 
as a stain for its chemical ability to interact with the negative groups of 
Hyal [12]. In this way it was possible to observe the distribution of cells 
on the structured surface in comparison to the polysaccharide pattern. 
 
Cell morphology and number 
The morphology and number of adhered cells for each square and 
rectangles dimension were analyzed by SEM (XL20 Philips, The 
Netherlands). Micro-patterned samples with cells were fixed with 2.5% 
glutaraldehyde in 100mM Na-cacodylate for 15 min at RT. The samples 
were then washed overnight in 100mM cacodylate buffer and post-fixed 
with 1% osmium tetroxide in 100 mM cacodylate buffer. After fixation, 
the samples were dehydrated in the ascending series of ethanol and 
desiccated overnight at room temperature. Finally, samples were gold  
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coated with a sputter-coater (BAL-TEC SC 050, Balzer, Germany) and 
analysed by scanning electron microscopy. 
 
Time-lapse video microscopy of co-cultured cells 
In order to evaluate heterotypic cell-cell interaction on the  square 
and rectangles microstructured surfaces, 100 µl of human dermal 
fibroblasts suspension containing 1.5x10
4
 cells was seeded on each 
micropatterned sample containing 24hrs-adhered HCAEC. At this time 
endothelial cells did not completely cover the glass domains. Moreover, to 
investigate the effect of cell dimensions in the co-culture setting, 
NIH3T3 fibroblasts were seeded on micropatterned samples with already 
adhered HCAEC.  
Co-culture on the spiral micropatterned surfaces was also 
performed to evaluate the effect of progressively decreasing the 
dimensions of the adhesive domain (aminosilanized glass) on cell 
migration of NIH3T3 fibroblasts in the presence of already adhered 
HCAEC. Briefly, 100 µl of NIH3T3 suspension containing 1.5x10
4
 cells 
was seeded on each spiral micropatterned sample containing 24hrs-
adhered HCAEC. 
Cell behaviour was monitored by phase contrast microscopy (Axiovert 
200, Carl Zeiss, Germany) using a time-lapse system with temperature, 
humidity and CO2 controlled environment (Cell Observer, Zeiss, 
Germany) situated on a Zeiss Axiovert 200 microscope equipped with an 
x-y-z motorized stage controller and a video camera (CCD-IRIS, Sony, 
Japan) connected to a PC workstation. The Sceneanalyzer program was 
used to acquire images from the video camera. Videos were then 
processed by Windows Movie Maker in order to extract significant 
images.  
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Time lapse experiments were carried out for up to 24 hours in 6 cm Ø 
Petri dishes containing the samples in ample culture medium. Cell 
adhesion to the patterned samples was estimated in six independent 
experiments. 
In order to distinguish HCAEC from human dermal fibroblasts on 
the spiral micropatterned surfaces, the two different cell populations were 
labelled prior to seeding with distinctive fluorescent dyes by using 
VybrantTM DiO and DiL cell-labelling solutions (Invitrogen, USA). 
Briefly, micropatterned samples with adhered HCAEC were removed 
from culture medium and gently washed with PBS. 100 µl of the staining 
medium (DiO) was added to the surfaces and gently agitated until all cells 
were covered; samples were then incubated for 10 minutes at 37°C. After 
incubation, the staining medium was drained off, samples washed three 
times with PBS and cells covered with warm growth medium. Human 
dermal fibroblasts were stained in suspension before seeding on HCAEC 
patterned samples by the following procedure: cells were suspended in 
serum-free culture medium; then 5 µl of the cell-labelling solution (DiL) 
were added, well mixed by gentle pipetting and incubated for 15 minutes 
at 37°C. After incubation, the labelled suspension was centrifuged for 5 
minutes, the supernatant was removed and cells gently resuspended in 
warm medium and seeded. Co-cultured samples with labelled cells were 
observed in bright field and in fluorescence (Axiovert 200, Carl Zeiss, 
Germany), using a FITC filter for DiO labelled HCAEC and a TRITC 
filter for Dil stained human dermal fibroblasts. 
The effect of topography on normal human osteoblasts cultured on 
spiral micro-structured samples was evaluated under a phase contrast 
microscope (Axiovert 200, Carl Zeiss, Germany). 
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Next, samples with three different types of cells, were obtained on 
spiral micropatterns as follows: unstained normal human osteoblasts were 
seeded first, followed after 24 hrs by endothelial cells stained in red by 
DiO, and after 48 hrs by NIH3T3 cells stained in blue with DiL. Tri-
cultured samples with labelled cells were observed by optical microscopy 
(Axiovert 200, Carl Zeiss, Germany) in bright field. The behavior of the 
three cell types, contemporaneously present on the same substrate was 
investigated by time-lapse video microscopy (Axiovert 200, Carl Zeiss, 
Germany) in order to evaluate heterotypic cell-cell interactions.  
 
Statistical analysis 
 Statistical analysis was performed with Microsoft Excel 2003 by 
means of the t-Student Test. All data were reported as mean ± standard 
error of the mean (SEM). Differences were considered significant when 
p< 0.05 and p<0.001. 
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3.3. Results and Discussion 
 
3.3.1. Biological characterization: cell distribution, morphology and 
number 
The behavior of single type cultures of endothelial cells and 
fibroblasts on microstructured surfaces was first evaluated. Both cells 
types adhered to the surface within the first 2 hrs. After 48 hrs of culture 
the cells adhered and spread on the glass domains but not on the 
polysaccharide ones. In particular, cells assumed elongated or square 
shapes on rectangular or square areas, respectively (Figs. 1a and 1b), as 
also demonstrated by AFM (Fig 2). Cells growing on adjacent domains 
formed bridges as shown in Figs. 1a and b, establishing contact with each 
other.  
 
       
Fig. 1. a) human dermal fibroblasts and b) HCAEC adhered to a 
micropatterned Hyal surface after 48 hrs of culture. Samples were stained 
with toluidine blue in order to highlight the purple stained Hyal structures 
that appear well defined. Original magnification x20. 
a) b) 
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Fig. 2. AFM image of human dermal fibroblasts adhered to glass squares 
of about 35x35µm. 
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SEM analysis (Fig. 3a) revealed that contacting cells formed 
bridges that did not adhere on the surface. The non-adhesive properties of 
hyaluronan coating were also demonstrated by SEM images showing the 
cell membranes of adhered fibroblasts forming filopodia, which sensed the 
polysaccharide (Fig. 3b). 
 
        
                                             
Fig. 3. SEM images of adhered human dermal fibroblasts on glass 
domains of about 45 x 20µm showing a) neighboring cells adhering on 
two different glass domains form a bridge to get in touch with each other; 
b) cell filopodia at the edge of the glass domain sense the 
photoimmobilized Hyal. 
a) 
b) 
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The number of HCAEC and human dermal fibroblasts that adhered 
to the Hyal micropatterned surfaces after 48 hrs depended on the 
dimensions of both the surface domains and the nuclei of the two cell 
types. As shown in Tab. 1, in fact, the total area of HCAEC was smaller 
than that of human dermal fibroblasts, particularly due to the small size of 
HCAEC nuclei.  
This was in agreement with the observation that a number of 
HCAEC greater than that of human dermal fibroblasts adhered to glass 
domains of the same area, as shown in SEM images (Fig 4). In a rectangle 
of 35 x 24µm only one fibroblast adhered, while two HCAEC spread in an 
area of the same dimension. 
 
Table 1. Analysis of nuclear and cytoplasmic area of glass adhered 
HCAEC and human dermal fibroblasts. Statistical analysis: t-test two 
population. *(p<0.01, § p<0.05, # p<0.001). 
Cell type Nuclear area 
(µµm
2
) ± SEM 
Cytoplasmic area 
(µµm
2
) ± SEM 
Total area 
(µµm
2
) ± SEM 
HCAEC *127±13 §303±13 
#
430±5 
human dermal 
fibroblasts 
      
*435±28 §434±23 #869±41 
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Fig. 4. SEM images of adhered a) HCAEC and b) human dermal 
fibroblasts on Hyal microstructured surfaces. In the same sized structures 
HCAEC are more numerous than human dermal fibroblasts. Two 
endothelial cells (a) and just one fibroblast (b) adhering to rectangles of 
about 25 x 35 µm. 
 
Counting the number of adhered cells as a function of the glass 
domain area, we obtained the trend reported in Figs. 5a and 5b. Five 
HCAEC or three human dermal fibroblasts adhered to the glass domains 
with the largest areas, corresponding to about 4.100 µm
2
. 
a) 
b) 
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Fig. 5. Number of adhered cells on glass squares and rectangles of 
different dimensions. a) HCAEC; b) human fibroblasts. The trend of 
adhesion is the same: the number of adhered cells decreases with 
decreasing dimensions of the glass domain. In the same sized structures 
HCAEC are more numerous than human dermal fibroblasts. 
 
We observed a decrease in the number of adhered cells as the area 
of the glass domains decreased, although the number of HCAEC was 
always higher than that of fibroblasts as shown in Tab. 2. This trend 
corresponded to the different dimensions of HCAEC and human dermal 
fibroblasts nuclei. In fact, as reported in Fig. 6, SEM analysis 
demonstrated that the nuclei of endothelial cells were smaller than those of  
a) 
b) 
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human fibroblasts. The dimensions of the nuclei conditioned the ability of 
cells to adapt their shape to different domains. 
 
Cell type Total number of adhered 
cells mean ± SEM 
HCAEC *360±22 
human dermal fibroblasts *134±10 
 
Table 2. Total number of HCAEC and human dermal fibroblasts adhered 
on square and rectangle glass areas. Statistical analysis: t-test two 
population. * Data are significantly different (p<0.001). 
 
      
Fig. 6. Nucleus dimensions of a) HCAEC and b) human dermal fibroblasts 
evaluated by SEM analysis. 
 
As reported in Figs. 7a and 7b the minimum dimensions of the 
micro-rectangular domain required by endothelial cells was 4µm x 42µm, 
while the minimum dimensions for human fibroblasts were 24µm x 35µm. 
In spiral micropatterns, cell adhesion and distribution, as a function of 
the microdomain’s shape and area, was also evaluated.  
a) b) 
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In particular, HCAEC adapt their shape to the free-Hyal region of the 
spiral up to 8,48µm in width, which is the minimum width of the glass 
area to which the cells can adhere, corresponding to the size of the 
nucleus. The reduction until to 38,7µm in width of the adhesive-glass of 
the spiral induces human dermal fibroblasts to create bonds among each 
other (Fig. 7c and 7d) . 
 
          
             
Fig. 7. Light microscope images of cells adhered to microstructured 
surfaces as a function of domain sizes. a) HCAEC and b) human dermal 
fibroblasts seeded on squared surfaces. c) HCAEC and d) human dermal 
fibroblasts seeded on spiral surfaces. Samples were stained with toluidine 
blue. Original magnification x20.  
a) b) 
d) c) 
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3.3.2. Time-lapse video microscopy of co-cultured cells 
The contemporaneous presence of HCAEC and human dermal 
fibroblasts on the same substrate was investigated by time-lapse video 
microscopy in order to evaluate heterotypic cell-cell interactions. 
Specifically, we seeded human dermal fibroblasts on surfaces with 
patterned HCAEC. In Fig. 8 significant time-lapse images show the 
behavior of human fibroblasts seeded on a patterned sample with adhered 
HCAEC. The images were captured during a five-days experiment. At t = 
0 after human dermal fibroblasts seeding, round non-spread fibroblasts 
(thin and thick black arrows) were visible. At t = 20 min. some fibroblasts 
adhered to the empty glass domains (thin arrows) and another one to a 
glass domain together with endothelial cells (thick arrow). At t =240 min. 
the fibroblast indicated with the round tipped arrow adhered to a glass 
rectangle containing HCAEC and one human dermal fibroblast. At t = 24 
hrs there were smaller glass domains showing adhered endothelial cells or 
fibroblasts and larger rectangles with HCAEC and two fibroblasts which, 
being bigger than endothelial cells, forced them onto a smaller surface 
than the one they occupied. In the lower left part of the images two 
fibroblasts adhering to two different glass domains have been highlighted 
with two asterisks. These cells sensed each other via pseudopodia but then 
retracted. Specifically, they separated within the first 60 min. At 120 min 
they entered into contact via pseudopodia. The contact remained until 7 
hrs from t=0 but then the cells retracted the pseudopodia and remained 
separated, as demonstrated by the image after 24 hrs of co-culture. This 
behavior demonstrated that the cells sensed the area surrounding the glass 
but did not move across it because of the presence of the non cell-adhesive 
Hyal. After 24 hrs both HCAEC and human dermal fibroblasts remained  
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inside the glass domains where they adhered and did not move along 
adjacent areas.  
 
           
Fig. 8. Time lapse images captured within 24 hrs of seeding of human 
dermal fibroblasts on Hyal micropatterned surfaces with adhered 
HCAEC. 
 
At the same time, in order to study the cell dimension-dependence, 
we seeded NIH3T3 fibroblasts, which are smaller than human dermal 
fibroblasts, on surfaces with patterned HCAEC. In Fig. 9 significant time-
lapse images show the behavior of NIH3T3 seeded on a patterned sample 
with adhered HCAEC. The images were captured during a five-days 
experiment. At t=0 after NIH3T3 seeding, round (f) and cluster of 
NIH3T3 (cl-f) non-spreading were visible. At t=20min. some fibroblasts 
adhered to the empty glass domains (f+asterisk) and another to a glass 
domain containing spread endothelial cells (1). In the rectangle 2) 
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containing adhering HCAEC, round fibroblasts (not spread) were visible. 
At t=240min the NIH3T3 adhered to the glass rectangles containing 
HCAEC. At t=24hrs NIH3T3 and endothelial cells adhered in the same 
larger rectangles. Moreover, there were smaller glass domains showing 
adhered HCAEC (e+2asterisks) or NIH3T3. NIH3T3 in mitosis (m-f) into 
smaller glass domains were visible. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 9. Time lapse images captured within 24 hrs of seeding of NIH3T3 
fibroblasts on Hyal micropatterned surfaces with adhered HCAEC. 
(f=NIH3T3; e=HCAEC; cl-f=cluster of fibroblasts; m-f=fibroblast in 
mitosis. 
 
Moreover, we analyzed the effect of the decreasing  size of Hyal-
free area respect to the photo-immobilised Hyal spiral domain on cell 
migration of the NIH3T3 seeded on patterned samples with already  
t=0 t=20min 
1) 
t=240min 
* 
t=24hrs 
e 
** 
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adhered HCAEC. In Fig. 10 significant time-lapse images show the 
behavior of NIH3T3 seeded on a patterned sample with adhered HCAEC. 
The images were captured during a 5 days experiment. At t=0 after 
NIH3T3 seeding, round non-spreading fibroblasts (thick black arrows) 
were visible. At t=1hr and t=2hrs some NIH3T3 (round tipped arrows) 
adhered to the glass domain that already contained spread endothelial 
cells. At t=3hrs. Adhered NIH3T3 were visible. 
 
        
        
Fig. 10. Time lapse images captured within 3 hrs of seeding of NIH3T3 
fibroblasts on Hyal micropatterned spiral surfaces with adhered HCAEC. 
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Fluorescence analysis of marked cells evidenced the presence of 
both HCAEC and human dermal fibroblasts on the same glass square and 
spiral domains (Fig. 11). 
 
               
               
Fig. 11. Distribution of co-cultured HCAEC and human dermal 
fibroblasts on 100µm x 100µm square glass domains and on spiral 
domain (10x). a) c) Adhered HCAEC showed a spread shape while human 
dermal fibroblasts a round morphology (brightfield); b) d) Fluorescence 
image of adhered HCAEC (yellow) and human dermal fibroblasts (red). 
 
Finally, we assessed the behavior of human normal osteoblasts 
(NHOst) on spiral patterned surfaces. NHOst adhered on glass spiral, 
avoiding the immobilized-Hyal. Osteoblasts followed the glass spiral 
pattern acquiring a characteristic flat shape up to 26,9µm in width 
(minimum width of adhesion) corresponding to the cell nucleus size (Fig. 
12). 
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Fig. 12. Phase contrast microscopy image of human normal osteoblasts 
adhered to a spiral micro-patterned surface. Magnification x10. 
 
Next, we analyzed the heterotypic cell-cell interaction of three 
types of cells cultured on the spiral pattern (triple culture). Specifically, 
the cells were seeded in the following sequence: NHOst, HCAEC and 
NIH3T3 fibroblasts (Fig. 13). 
 
 
 
 
 
 
 
 
 
 
 
 
 
a) b) 
c) Fig. 13. Light microscope images of HCAEC, 
NIH3T3 fibroblasts and NHOst in triple 
culture on spiral pattern. Sequence of 
seeding: a) human normal osteoblasts (not 
stained), b) HCAEC (stained in blue) and 
NIH3T3 (stained in red). Magnification x10. 
 128 
In Fig. 14 significant time-lapse images are reported showing the 
behavior of NIH3T3 and HCAEC seeded on a spiral patterned sample 
with adhered NHOst. Time lapse images were captured during a five-days 
experiment. At t = 0 after NIH3T3 and HCAEC seeding, some endothelial 
cells (stained in blue) adhered to the glass domain (blue arrows) and round 
not-spread fibroblasts (stained in red) were visible. Human normal 
osteoblasts, spread on Hyal-free regions, acquired a flat shape following 
the spiral pattern (asterisks). At t=1hr many NIH3T3 fibroblasts (red 
arrows) adhered on both the external glass domain and the central domain 
of the spiral, where the area to spread over was insufficient. On the 
contrary, HCAEC adhered only on the external domain of the spiral where 
the glass area was wider (blue arrows). At t=4hrs many NIH3T3 
fibroblasts and HCAEC adhered on glass domain confining the osteoblasts 
at the edge of the pattern (asteriks). At t=6hrs triple-cultured areas were 
visible along the glass spiral pattern mostly on the external of the spiral 
(#). The adhesion of NIH3T3 fibroblasts and HCAEC on the center of the 
spiral, greatly reducing the available space, caused the shrinking of human 
normal osteoblasts (black arrows). 
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Fig. 14. Time lapse images captured within 6 hrs of seeding of NIH3T3 
(stained in red) and HCAEC (stained in blue) onto a spiral patterned 
sample with adhered (unstained) human normal osteoblasts. (red 
arrows=NIH3T3; blue arrows=HCAEC; asterisks=human normal 
osteoblasts; black arrows =shrinked human normal osteoblasts; #=triple-
cultured areas). 
* 
* 
* 
* 
* 
* 
* * 
* 
* 
* 
t=0 t=1hr 
# 
# 
# 
# 
# 
# 
t=6h
*
*
*
*
*
t=4hr
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3.4. Conclusions 
In this study a co-culture technique based on a pre-existing strategy 
for surface modification, to micro-pattern two different cell types on the 
same adhesive domains was developed. To the best of my knowledge, this 
is the first report on heterotypic cell-cell interaction in the same micro-
domains. When human dermal fibroblasts were cultured on already 
adhering endothelial cells, they achieved a specific spatial organisation, 
colonising both empty and HCAEC-containing glass domains. Moreover, 
it has been demonstrated that endothelial cell and fibroblast behaviour was 
influenced by both surface chemistry and topography. In fact, they 
adhered to and spread only on glass domains and not on Hyal ones, 
regardless of their square or rectangular shape. As already demonstrated, 
in fact, hyaluronic acid is not a suitable substrate for cell adhesion, 
regardless of the design of the surface topography and the cell type tested 
[3,5]. On striped patterns either primary or line cells adhered and lined up 
on glass domains, but not on polysaccharide ones [5,7]. Moreover, the 
number of cells that adhered to glass domains and cell morphology were 
demonstrated to be closely correlated to the dimensions of both adhesive 
areas and cell nuclei. In fact, in the square micropatterned surfaces, were 
able to colonise glass domains greater minimal surface required by 
HCAEC was 4 µm x 42 µm and by human dermal fibroblasts 35 µm x 24 
µm. The minimal area for HCAEC adaptation to the spiral micropatterned 
surfaces was 8,48µm and for human dermal fibroblasts 38,7µm. These 
values represented the minimum dimensions of glass area to which cells 
can adhere as a consequence of the different size of their nuclei. The trend 
of endothelial cell adhesion was shown to be the same as that of human 
dermal fibroblasts. In fact, both of these two-cell types spread and took on 
a rounded shape when they adhered to larger glass domains and a fusiform 
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morphology on the smallest rectangles. The reduction in the dimensions of 
the adhesive glass domains probably forced the cells to change their shape. 
Moreover, HCAEC and human dermal fibroblasts created bridges among 
each other and interacted with neighboring cells and formed a layer of 
fusiform cells bridging over the Hyal microdomains when the adhesive 
area was insufficient to spread. Both HCAEC and human dermal 
fibroblasts showed contact guidance, that is they oriented themselves 
following the geometry of the structures to which they adhered. We may 
postulate three main explanations for this behaviour. A first explanation is 
that the closest contact between a cell and its substratum (i.e. micrometric 
glass domains), the focal adhesion, may induce contact guidance [13] 
When surface domains are small, the focal adhesions are only able to 
attach themselves to the substratum in an oriented way. When the focal 
adhesions are oriented, so will the actin filament that originates from this 
point, and therefore the entire cell, be oriented [14,15]. The second 
explanation is that surface texture can influence cell behaviour by 
affecting extracellular matrix (ECM) protein adsorption. Cells produce 
ECM proteins, which are adsorbed by the surface. As a consequence, cells 
adhere to these adsorbed proteins. The composition and the conformation 
of this protein layer is determined by the surface properties of the 
substratum [16]. Focal adhesions actually serve not only to anchor the cell, 
but they can function beyond that as signal carriers which inform the cell 
about the ECM and thus affect their behaviour [17]. The third theory 
focuses on the response of cells to local mechanical signals. The 
cytoskeleton is not a static but a dynamic structure: external forces can be 
administered to the cytoskeleton through the focal adhesions [18]. Cells 
tend to find a state in which internal and external forces are in equilibrium 
and thus favorable for their differentiation. Cells cultured on square and 
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rectangular patterned surfaces could well be subjected to a certain pattern 
of forces, in which their equilibrium induces an oriented cellular shape. In 
any case, the behavior of HCAEC and fibroblasts also depends on the 
dimensions of the cells. In fact, as cell orientation has been demonstrated 
to be correlated to the dimensions of microstructures, which is the width 
and depth of domains [18-23], endothelial cells, which are smaller than 
fibroblasts, will be more affected in their orientation when they adhere to 
small domains in comparison to fibroblasts. 
 At the same time, by co-culturing NIH3T3 fibroblasts, which are 
smaller respect to human dermal fibroblasts, on patterned samples with 
already adhered HCAEC, co-cultures were obtained. 
 Finally, I obtained a heterotypic cell-cell interaction among three 
different cell types. In fact, the contemporaneous presence of HCAEC 
and NIH3T3 fibroblasts did not prevent the adhesion of NHOst on the 
spiral pattern. NHOst adapted their shape as a consequence of the 
progressive reduction of the non-adhesive Hyal domains, stretching the 
cytoplasm forth. In the spiral pattern the contemporary presence of these 
three different types of cells was exclusively found in the external part of 
the spiral, where the area to spread over was wider. 
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Chapter 4 
 
CHEMICAL MODIFICATION OF 
ROUGHNESS TITANIUM SURFACES BY A 
NEW AMIDO PHOSPHONATE 
DERIVATIVE OF 
CARBOXYMETHYLCELLULOSE WITH 
AN OSTEOGENIC ACTIVITY 
 
 
 
4.1. Introduction 
Clinical experience indicates that stainless-steel and titanium 
implants normally incorporate into bone without complications [1]. 
Stainless-steel implants however may not functionally integrate with the 
surrounding bone, probably due to a mechanical interface overload and the 
material’s chemistry [2]. To avoid failing under shear stress, a rapid 
mechanical fixation of the implant is considered an important requisite in 
metallic prosthesis design [3]. A more rapid mechanical fixation in fact 
allows an earlier and higher mechanical load uptake and a decrease of the 
thickness of the fibrous encapsulation in soft tissues. 
The insertion of implants in bone leads to damage of the bone 
matrix and disruption of the microcirculation in the area immediately 
around the implant where inflammation often occurs [4].  
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Matrix damage causes osteocyte apoptosis, which in turn provokes 
osteoclast activation with consequent extracellular matrix remodelling. 
Bone resorption may dominate around the implant and lead to impairment 
of the early fixation.  
It has been demonstrated that the osseointegration of stainless steel 
screws may be improved by the use of an antiresorptive drug, 
bisphosphonate, administered systemically or applied locally [5,6]. 
Bisphosphonates have also been bound to the implant with positive effects 
on fixation [7-9]. The positive effect of bisphosphonates was also 
demonstrated clinically when ibandronate was applied directly on the bone 
surface before insertion of knee prostheses [10]. 
Any bisphosphonate dissolved in body fluids tends to be 
immobilized onto bone surfaces, allowing the interaction with Ca
2+
 ions. 
During bone resorption bisphosphonate is internalized by osteoclasts 
[11,12]. In any case, nitrogen containing bisphosphonates such as 
pamidronate, alendronate and ibandronate decrease bone resorption 
through the inhibition of an enzyme in the mevalonate pathway and by 
forming a toxic ATP analogue in osteoclasts [13,14]. The consequence is 
that osteoclasts either undergo apoptosis or, at least, lose their bone 
resorbing capacity
 
[15]. In order to overcome this problem, Gemeinhart et 
al. synthesized polymers with phosphate and phosphonate groups and 
demonstrated that these polymers may increase cell adhesion and 
proliferation [16].  
The rationale for the use of phosphate and phosphonate containing 
polymers stems from the mimicry of mineral bone matrix and bone 
promoting proteins [17]. Phosphate rich proteins initiate bone growth, so 
phosphonate containing polymers were hypothesized to mimic natural 
polymers by interacting with serum proteins and allowing a natural-like  
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adhesion and proliferation, as well as the initiation of matrix 
mineralization
 
[18]. 
Among the different possibilities, surface modification by means 
of self-assembled monolayers (SAM) and PEG-graft polyelectrolytes have 
been investigated extensively [19]. However, both systems present 
disadvantages for further specific bioapplication because of 
incompatibility with bulky-functional terminal groups in the case of SAMs 
and loss of adhesion at higher ionic strength and low/high pH for 
polyelectrolytes [20]. An ideal, simple and effective immobilization 
method is based on a polymer capable to bind titanium and to provide an 
osteogenic surface at the same time. Some compounds were synthesized in 
the form of copolymers bearing several phosphonate groups and the 
composition was ascertained by XPS analysis. They were able to couple to 
a titanium surface via its phosphonate group [21] and the content of these 
phosphonate groups seems decisive for the final film thickness [6,21] 
promoting the idea that phosphate- and phosphonate-containing polymers 
can increase the growth, proliferation or adhesion of cells [6]. 
Based on Schwartz’s and Gemeinhart’s data I resolved to further 
test this hypothesis by evaluating the integration of the phosphonate 
containing polymers with existing biomaterials, and determining whether 
these materials allow cell mediated mineralization [3,6]. 
 I here describe a polymer derived from carboxymethylcellulose 
bearing phosphonate groups which should be able to attach to titanium 
surfaces. The aim of the study was to determine the synthesis parameters 
of this polymer, the amount of phosphonate groups present in the skeleton 
as calcium phosphate crystals, and how the polymer affects osteoblasts 
behaviour. The latter effect was compared with analogue polymers such as 
CMC and its amidic derivative CMCA to determine the influence of the  
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phosphonate group. Then we developed a strategy to coat titanium 
surfaces with a carboxymethylcellulose derivative exploiting the 
interaction between hydroxyl groups on the titanium surface and the 
phosphate groups borne by the polymer. The effect of the titanium-surface 
functionalised with CMCAPh and the surface morphology of the Ti 
surface on NHOst cells were also evaluated. 
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4.2. Materials and Methods 
Carboxymethyl cellulose sodium salt (CMC) (Substitution Degree 
= 0.86, MW = 160-200 kDa), N-Hydroxysuccinimide (NHS), and 2-
aminoethyl-phosphonic acid 99% (AEPh) were purchased from Sigma 
Aldrich (St. Louis, MO, USA), while 1-Ethyl-3-(3-dimethylaminopropyl) 
carbodiimide hydrochloride (EDC) was purchased from TCI Europe 
(Zwijndrecht, Belgium). Sodium hydrogen carbonate was purchased from 
Merck KGaA (Darmstadt, Germany). 
Normal Human Osteoblasts (NHOst) at the 1
st 
passage as well as 
the NHOst bullet kit and all other reagents for cell cultures were supplied 
by LONZA (USA). The Von Kossa method for the calcium kit was 
purchased from Polyscience Europe (Germany). The alkaline phosphatase 
kit as well as the Apo-TRACE solution were supplied by Sigma (USA). 
Titanium disks (diameter 12 mm, 2 mm thick) were supplied by 
L.I.M.A-Lto SpA Italy. Two kinds of titanium disks, having  two different 
surface features were used: smooth and rough. They exhibit a surface 
roughness corresponding to Ra = 0.07 µm and Ra = 0.12 µm, respectively. 
 
4.2.1. Polymer synthesis and purification  
A CMC solution with a concentration of 1.5% (w/v) was prepared 
by dissolving the polymer in distilled water under magnetic stirring. After 
complete dissolution, NHS and 2-aminoethyl-phosphonic acid (AEPh) 
were added with a molar ratio of 2:1 to the carboxylic acids of the CMC. 
Once dissolved, EDC was added with a molar ratio of 4:1 to the 
carboxylic acids of the CMC. The mixture was stirred overnight at room 
temperature. The reaction mixture was transferred to the stirred 
ultrafiltration cell equipped with a molecular filtration membrane (MWCO 
= 100 kDa). The solution was first filtered with a water solution of 
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NaHCO3 (0.01 % w/v), to bring the polymer to the alkaline form, and then 
with distilled water. Lastly the modified polymer was freeze-dried. 
The synthesis of CMCA has been fully described elsewhere [22] 
and it was carried out by using methylamine and 2-chloro-N-
methylpyridiniumiodide (CMP-J) as activating agent in a N,N’-
dimethylformamide (DMF) solution. 
 
4.2.2. Morphological and chemical characterization  
 
Fourier Transform Infra-Red Spectroscopy (FT-IR) 
The IR spectra of the modified CMC were recorded using a 
Thermo Nicolet 6700 FT-IR spectrometer (Thermo Fisher Scientific, 
USA) equipped with a ZnSe crystal. Sixty-four scans at a resolution of 4 
cm
-1
 were averaged for each spectrum. The spectra were elaborated by 
WIN-IR PRO version 2.6, and recorded by baseline correction (multipoint 
method) and smoothing (boxcar function; 9N. of P.). 
An IR analysis of the titanium modified disks was performed by FT-IR 
spectrometer, Bio-Rad FTS 6000, purged with nitrogen. The ATR spectra 
were recorded with a horizontal (PIKE) ATR accessory equipped with a 
45° Ge ATR crystal and a mercurium cadmium telluride (MCT) detector. 
A total of 128 scans at a resolution of 4 cm
-1
 were averaged for each 
spectrum. Bare TiO2 substrates were used to acquire the background 
spectrum. The spectra were elaborated by WIN-IR PRO version 2.6, and 
recorded by baseline correction (multipoint method) and smoothing 
(boxcar function; 9N. of P.). 
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Viscosity 
Viscosities of the CMCAPh, CMC and CMCA were measured by 
employing the A&D SV-10 viscometer (Tokyo, Japan). CMCAPh, CMC 
and CMCA (0.01 g) were dissolved in 10 ml (1% w/v) of distilled water 
and measurements were performed three times at 25°C.  
 
Potentiometric titration 
 Potentiometric titration of the CMCAPh was measured using a 
Mettler-Toledo T50 titrator (Columbus, OH, USA). CMCAPh (0.06 g) 
was dissolved in 40 ml ( 0.15% w/v) of 0.1M NaCl solution and was kept 
under stirring for 4 hrs. HCl 0.1M was added to acidify the solution, then 
the polymer solution was titrated with NaOH 0.1M. 
 
31
P-Nuclear Magnetic Resonance (
31
P-NMR) 
31
P-NMR analysis was carried out on samples of CMCAPh, AEPh 
and a mixture of CMCAPh and AEPh by a Varian XL 200 NMR 
Spectrometer (Varian Inc., Palo Alto, CA, USA). P
31
-NMR shifts were 
referenced to external 85% H3PO4.  
 
Dynamic Light Scattering (DLS) Analysis 
Measurements were performed by a Zetasizer Instrument Nano ZS 
90 (Malvern Instrument Ltd, UK) with a back-scattered light detection and 
a 633nm He-Ne laser beam. All measurements were performed after 
diluting the polymer solution (CMC native and CMCAPh) at pH 7.4 to an 
appropriate volume with deionized water. 
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Coating treatment of CMCAPh on titanium disks 
The disks were ultrasonicated (CP-104 Bio-Class) in acetone, 
methanol and dichloromethane for 15 minutes at room temperature and 
stored in an oven at 200°C for 2h. The disks were cleaned again in the 
ultrasonic bath with acetone, methanol and Millipore water for 15 min 
each and dried in a stream of nitrogen. After that treatment both the bare 
titanium disks were coated by the phosphonated polymer obtaining 
CMCAPh coated smooth titanium disks and CMCAPh coated rough 
titanium disks. 
 
Atomic Force Microscopy (AFM) 
Bare smooth and rough titanium surfaces together with CMCAPh 
coated smooth and rough titanium surfaces were viewed by AFM (Solver 
Pro, NT MDI Instruments, Russia). AFM images were acquired in air, in 
contact mode with a sharpened gold-coated silicon tip with a spring 
constant of 2.5-10 N/m and using a nominal resonance frequency between 
120 – 180 KHz. 
 
Time of Flight Secondary Ions Mass Spectroscopy Analysis (ToF-SIMS) 
ToF-SIMS spectra of modified titanium disks were recorded by a 
TOF-SIMS PHI TRIFT III (Physical Electronics, MN, USA). The 
operating conditions were a primary ion Au
+
 beam with 22 keV of energy, 
600 pA of current, a pulse width of 12 ns, and an acquisition time of 10 
min. The mass range analysed was in a range from 1.5 to 1900 Da and the 
area of analysis of each spectrum and imaging spectrum was 300 X 300 
µm. 
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4.2.3. Biological characterization 
Human bone cell culture 
Normal Human Osteoblasts NHOst were grown in Osteoblast 
Basal Medium (OBM) with supplements and growth factors (FBS, 
ascorbic acid and gentamicin/amphotericin-B) at 37°C in a humidified 
atmosphere containing 5% CO2. Once at confluence, the cells were 
washed with HEPES-BSS, detached with trypsin-EDTA solution. Trypsin 
Neutralizing Solution was added to the cell suspension which was 
centrifuged at 270 rpm for 5 min. The pellet was re-suspended in a 
complete OBM solution (dilution 1:15). The osteoblasts were seeded in 
24-well tissue culture plates at a density of 1.5 x 10
4
 cells in 1 ml of 
complete medium. After freeze-drying the polymer, not sterilized, was 
dissolved in OBM in order to obtain a CMCAPh solution with a 
concentration of 1.5 mg/ml. At 24 hrs after seeding 100, 200 and 300 µl of 
CMCA or CMCAPh solution were added to each well in order to test, 
respectively, the following concentrations of polysaccharides: 1.5, 3.0 and 
4.5 x10
-3
mg/ml. Adhered osteoblasts were stained by trypan blue and then 
counted on randomly selected fields 100X100 µm (al least 10 for each 
condition) after 4, 8 and 12 days of cultures by an inverted optical 
microscope (Axiovert 200, Zeiss, Germany) and photographed using a 
digital camera (Axiocam, Zeiss, Germany). 
 
Cell matrix mineralization 
The cells were plated in 24-well tissue culture plates and three 
different CMCA and CMCAPh concentrations were tested as described 
earlier, i.e. 1.5, 3.0 and 4.5x10
-3
mg/ml. Culture medium was changed 
every 2-3 days and the cells were monitored under by light microscopy 
(Axiovert, Zeiss, Germany). After 4, 8 and 12 days of culture, the cells  
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were stained with the Von Kossa stain and viewed for mineral formation: 
the cells were fixed in 2.5% glutaraldheyde in 100 mM sodium cacodylate 
buffer for 5 min at room temperature. The solution was then aspirated and 
a 5% solution of silver nitrate was administrated followed by exposure to a 
60-Watt light source. The 24-well plate was wrapped with aluminum foil 
to reflect the light to all surfaces. Silver nitrate solution was then carefully 
aspirated and washed with 5% sodium thiosulfate and double distilled 
water. The samples were observed by light microscopy (Axiovert 200, 
Zeiss, Germany) and photographed using a digital camera (Axiocam, 
Zeiss, Germany). 
Alkaline phosphatase (ALP) activity of cells, grown on disk of 
titanium, was determined in the cell lysate using a two-component 
buffered alkaline phosphatase substrate composed of a BCIP (cromo-
chloro-indoly phosphate) analogue and INTX. Prior to reaction with the 
alkaline phosphatase solution, the BCIP analogue is a colorless to faint 
blue solution, and the INTX reagent is a colorless to faint yellow solution. 
The two-component mixture develops an orange-red product when reacted 
with alkaline phosphatase. After 7 days, cells grown in the presence of 
different concentrations of CMCA and CMCAPh in medium were first 
lysate with Millipore filtered distilled water. Then, in each well 200 µl of 
substrate solution (a mixture of BCIP and INTX in equal volumes) were 
added. Following the reaction, an orange-red product formed after the 
addition of 50 µl of stopping solution. The samples were left incubating at 
37°C for 60 min. and then the absorbance of the solutions was read at a 
wavelength at 490 nm. 
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Cell culture on titanium disks 
Both titanium surfaces functionalised with CMCAPh and without 
CMCAPh were sterilized by incubation in 70% ethanol for 20 min and left 
to dry at room temperature. NHOst were cultured on the titanium disks by 
using the same procedure of the CMCAPh polymer solution. 
 
Scanning Electron Microscopy analysis (SEM) 
The samples were gold sputtered with an automatic sputter coater 
(BAL TEC SCD 050, Balzer, Germany) and then observed using the 
scanning electron microscope (XL20 Philips, the Netherlands) at an 
accelerating voltage in the range of 6-15 kv. Before gold sputtering, the 
samples were fixed in 2.5% glutaraldheyde in 100 mM sodium cacodylate 
buffer for 5 min at room temperature; then they were dehydrated in 
crescent series of ethanol (from 50% to 90%) and evaporated overnight.  
 
Statistical analysis 
I performed the statistical analysis with the Microsoft Excel 2003: 
all data were reported as mean ± standard error of the mean (SEM), but 
error bars are not significant with respect to the scale of the axis. 
Moreover, it was used the SigmaPlot 8.0 software in order to compare the 
samples with the control samples. Differences were considered significant 
when p< 0.05. These statistical analysis were performed in order to 
analyze both cell proliferation and ALP activity. 
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4.3. Results and discussion 
 
4.3.1. Physical-chemical characterization CMCAPh polymer 
The synthesis of an amido-phosphonated carboxymethylcellulose 
was performed in order to induce the strong interaction with titanium 
surface and improve biological performance of carboxymethylcellulose in 
stimulating proliferation and bioactivity of osteoblast cells, following the 
insertion of a phosphonate group on the polymer chain branches. Polymer 
carboxylic acid groups of carboxymethylcellulose having a substitution 
degree of 86% were activated by using a carbodiimide and the addition of 
a phosphonate-amine led to the creation of an amide bond between the 
phosphonate agent amine and the carboxylic acids. A polymer 
phosphonation degree of 48% with respect to the carboxylic groups 
number was valued by a potentiometric titration of the polymer. This 
means that in the repetitive unit one carboxylate and one 
amidophosphonate group are present (Fig 1). A DLS analysis confirmed 
that the modification of CMC not to led a change in the molecular weight 
of the derivative polymer CMCAPh. 
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Figure 1. Scheme of synthesis reaction of CMC polymer modified with 2-
aminoethyl phosphonic acid (pCMCAPh). 
 
P31 -NMR spectra of CMCAPh, AEPh and a mixture of CMCAPh 
and AEPh were performed to evaluate the success of the polymer 
synthesis. The NMR spectrum in figure 2A showed only one chemical 
shift of the phosphorus signal in the CMCAPh spectrum while two 
different signals were present in the mixture of AEPh and CMCAPh 
spectrum (Fig. 2C). The spectra indicate that phosphate groups are linked 
at the CMC polymer and AEPh links polymer only at one reaction site, so 
the modification occurred only on the carboxylic acid groups of the 
polymer. The chemical shifts downfield of the AEPh phosphorus signal  
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(Fig. 2B) in the CMCAPh spectrum (Fig 2A) is an effect of the 
deshielding of phosphorus in reaction with the amidic group of the 
polymer. 
 
 
                              
                             
                              
Figure 2. 
31
P -NMR spectra of (A) pCMCAPh, (B) AEPh, (C) a mixture of 
pCMCAPh and AEPh. 
31
P - CMCAPh 
ppm = 21.50 
 
31
P - AEPh 
ppm = 18.77 
 
31
P - CMCAPh + AEPh 
ppm CMCAPh = 21.52 
ppm AEPh = 18.79 
a) 
b) 
c) 
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The new phosphonate carboxymethylcellulose-based polymer 
CMCAPh showed lower viscosity than the amidate CMC polymer 
(CMCA) [22] but higher than the CMC one (Table 1). The insertion of an 
hydrophilic methyl amido group on polymeric chain branches increases 
the viscosity more than twice, while the insertion of a slightly hydrophilic 
group as a phosphate group at the end of an aliphatic chain moderately 
increases the viscosity of CMC [23]. 
 
Polymer µ (mPa·s) 
CMCAPh 65,6 ± 0,2 
CMC 41,3 ± 0,3 
CMCA 164,8 ± 0,9 
 
Table 1. Viscosity of CMCAPh, CMC and CMCA solution with 1% w/v in 
H2O at room temperature. The viscosity of the distilled water is µ = 0 
mPa·s.  
 
Much evidence of structural changes in the modified polymer was 
found by recording the FT-IR spectra of CMCAPh, and CMC. The results 
are shown in Fig.3. Comparing the two spectra, the P-OH stretching band 
at 904 cm
-1
 and the P=O stretching bands at 1267 cm
-1
 and 1313 cm
-1
 were 
noticed on the CMCAPh spectrum, the CMC spectrum shows many 
characteristic bands of cellulose between 900 cm
-1
 and 1325 cm
-1
 which 
may partially hide the other characteristic bands of the P=O and P-OH 
groups [24,25]. However, many more differences could be recorded 
between 1400 cm
-1
 and 1700 cm
-1
 where the CMCAPh spectrum (Fig. 3B)  
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showed the bands of the amidic groups at 1646 cm
-1
 (amide I) and 1569 
cm
-1
 (amide II) which probably mask the band at 1596 cm
-1
 attributed to 
the C=O carboxylate group stretching shown in the CMC spectrum (Fig. 
3A). Moreover, in the CMCAPh spectrum there is a notable band at 1442 
cm
-1
 attributed to the carboxylic asymmetric stretching while in the native 
CMC spectrum there is only a shoulder at about 1450 cm
-1
. 
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Figure 3. FT-IR spectra of (A) CMC polymer (1800 – 850 cm
-1
) and (B) 
CMCAPh polymer purified and freeze-dried (1800 – 850 cm
-1
). 
 
4.3.2. Biological Tests in presence of CMCAPh polymer 
The trend of cell growth at three designated time points (4, 8 and 
12 days) as a function of three different samples concentrations in medium 
(1.5, 3.0 and 4.5x10
-3 
mg/ml) was reported in Fig. 4. As shown, cell 
growth is dose-dependent for both CMCA and CMCAPh; in fact the 
number of adhered osteoblasts increased with the increasing 
concentrations of the polysaccharides (p<0.05). Moreover, the dose-
dependent curve shown that cells were significant numerous (p<0.05) 
when the CMCAPh was added to the culture medium confirming the 
positive effect of this polymer in stimulating cell proliferation.  
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Figure 4. Osteoblasts proliferation as a function of culture days in 
presence of medium containig CMCAPh and CMCA at different 
concentration. 
 
As shown in Fig. 5, during culture in presence of the CMCAPh, 
osteoblasts accumulated brown colored calcium-phosphate grains 
distributed both inside and outside the cells. The intensity of the brown 
coloration depended on the calcium-phosphate concentration. The amount 
of calcium-phosphate depositions was strictly correlated to the polymer 
concentration and incubation time. In fact, it is possible to see a great 
amount of calcium-phosphate grains in osteoblasts cultured in presence of 
the highest amount of CMCAPh (4.5x10
-3
 mg/ml) for the longest culture 
time (12 days). Cells in presence of CMCA did not produce calcium-
phosphates as demonstrated by the absence of brown grains after 7 days.  
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Figure 5. Optical microscope images. Distribution of calcium phosphate 
inside NHOst osteoblasts in presence of the polymer CMCAPh as a 
function of days in culture. Differences were significant (* p<0.05). 
 
Even though ALP is not only specific for osteoblasts, it still is 
widely used in vitro as a marker of osteoblast phenotype. Alkaline 
phosphatase (ALP) is present both on the extracellular membrane and in 
vesicles of the bone matrix, which is the initial site of the formation of 
calcium phosphate crystals. The enzymatic activity of ALP is crucial for 
the mineralization process, it acts on the organic phosphate to increase the 
local concentration of free phosphate and to induce the active transport of 
both phosphate and calcium across the cell membrane [26]. Therefore, 
alkaline phosphatase activity was measured in cells with both CMCA and 
CMCAPh at three different concentrations after a 7 days incubation 
period. As shown in Table 2, the ALP activity in osteoblasts cultured with 
CMCAPh was significantly high at the three different concentrations  
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tested (p<0.05). Moreover, cells in presence of CMCAPh showed a great 
ALP activity respect to cells grown in presence of CMC solution (p<0.05), 
which was not influenced by the polymer concentration.  
 
Sample 1.5x10
-3
 mg/ml 3.0x10
-3
 mg/ml 4.5x10
-3
 mg/ml 
CMCAPh 0.481±0,02 SEM  0.542±0,005 SEM  0.874±0,45 SEM 
CMCA 0.328±0,005 SEM  0.363±0,002 SEM  0.351±0,001 SEM 
 
Table 2. Alkaline phosphatase specific (ALP) activity of osteoblasts in 
presence of both CMCA and CMCAPh. The ALP activity was performed 
after 7 days. (SEM= Standard Error Media). Differences were significant 
(p<0.05). 
 
4.3.3. Phosphonation of the titanium surfaces by CMCAPh and their 
physical-chemical characterization 
Surface roughness of a titanium implant is an important parameter 
to evaluate the osteointegration of the implant itself and its success in term 
of duration. The titanium surface which is always covered by a natural 
stable titanium oxide layer was treated in the oven at 200°C to increase the 
oxidation layer [27]. Titanium is a valid support to bind the polymer 
phosphonate groups. The polymer was deposited on the surface of the 
titanium disk by spin coating annealed at 120°C. The polymer interaction 
was quite high because the layer was not washed out by sonication 
[21,27]. Analysing the washing waters came out from the sonication 
process with FT-IR we could ascertained the lack of polymer 
characteristic bands in this solution. Fig. 6 shows the TiO2 surface 
treatment to CMCAPh-coating. 
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Fig 6.  Scheme of the TiO2 surface tratment to CMCAPh-coating. 
 
The presence of the polymer film on the surface after the ultrasonic 
bath was ascertained by TOF-SIMS analysis (Fig. 7) and AFM images 
(Fig. 8). The amidic characteristic peak at 43 m/z (CHNO), the 
phosphorus containing peak at 79 m/z (PO3) and the titanium containing 
peak at 48 m/z (Ti) in positive SIMS were chosen for acquiring the 
imaging spectra [28,29]of CMCAPh onto the titanium surface. The low 
presence of Ti signal on the sample surface, compared with the high 
spread of CHNO and PO3 signals (Fig. 7), was due to the presence of a 
CMCAPh film on the titanium surface. TOF-SIMS analysis also indicated 
the formation of a biomimetic surface on the titanium sample due to the 
appearance of PO3 groups of the polymer above the surface. The evidence 
of the PO3 signal on the TOF-SIMS spectrum indicates, however, that not 
all the PO3 groups result on the titanium surface. In fact the penetration 
depth of TOF-SIMS analysis is about 100 nm so the presence of a PO3  
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group in the TOF-SIMS spectrum is only due to groups of the CMCAPh 
polymer that stand out from the surface.  
 
                 
Figure 7. TOF-SIMS images showing: total amount of ions; CHNO peak, 
PO3 peak and Ti peak of an highly coated area of the titanium surface 
modified disk. 
 
AFM images of CMCAPh coated on a rough titanium surface (Fig. 
8 A-B) showed an evident decrease of disk surface roughness after the 
polymer coating, meaning that the CMCAPh polymer fills up the ditches 
provoked by sanding the Ti surface. On the contrary, AFM images of 
CMCAPh coated on a smooth titanium surface (Fig. 8 B-C) showed a 
globular polymer film on the surface that increased the disk surface 
roughness. 
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Figure 8. AFM images of the native oxidized rough titanium surface (A) 
and of the titanium surface after CMCAPh coating (B); native oxidized 
smooth titanium surface (C) and the smooth titanium surface after 
CMCAPh coating (D). Scan area 5 x 5 µm. 
 
The FT-IR spectrum on the CMCAPh-coated titanium surfaces 
(Fig. 9) showed some changes with respect to the CMCAPh polymer (Fig. 
3B). Comparing the native polymer CMCAPh spectrum with that bound to 
both the smooth and rough Ti surface spectrum, notable shifts were 
detected in the bands attributed to the phosphonate, carboxylic and amidic 
groups (Table 3). Some bands of the phosphonate groups are totally or 
partially covered by the polysaccharide ring stretching bands such as the 
bands from 1000 cm
-1
 to 1200 cm
-1
. In any case the recorded spectra 
evidenced a good interaction between the phosphonate, amidic and  
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carboxylate groups and both titanium surfaces. The interaction is stronger 
with the rough surface, in fact, the band at 918 cm
-1
 attributed to the P-OH 
stretching in the CMCAPh bound to the Ti surface spectrum has a lower 
intensity than that at 904 cm
-1
 in the native polymer probably due to the 
condensation of P-OH groups with the surface hydroxyl groups [30]. If the 
interaction of the single group was not particularly strong between the 
CMCAPh polymer and smooth titanium surface, the large number of 
phosphonate, amidic and carboxylate groups present along the polymer 
chains would generate a cooperative effect leading to a tough polymer 
coating on the titanium surface which withstands extreme washing 
conditions 
 
 
   
 
 
a) 
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Figure 9. (1800 – 850 cm
-1
) Spectra of CMCAPh bound to the rough 
titanium surface bound A) and CMCAPh bound to the smooth titanium 
surface bound B). 
b) 
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Bands pCMCAPh Rough Ti 
pCMCAPh 
Smooth Ti 
pCMCAPh 
P-OH stretc. 904 cm
-1
 918 cm
-1
 900 cm
-1
 
P-OH stretc. 1057 cm
-1
 1071 cm
-1
 1061 cm
-1
 
P=O stretc. 1267 cm
-1
 1256 cm
-1
 1272 cm
-1
 
P=O stretc 1313 cm
-1
 1320 cm
-1
 1314 cm
-1
 
carboxylic 
C=O 
1442 cm
-1
 1452 cm
-1
 1444 cm
-1
 
amidic C=O 1569 cm
-1
 1553 cm
-1
 1552 cm
-1
 
amidic C=O 1646 cm
-1
 1647 cm
-1
 1644 cm
-1
 
Table 3. Significant characteristic frequencies of the functional group of 
the CMCAPh native polymer, bound to the rough titanium surface and 
bound to the smooth titanium surface. 
4.3.4. SEM analysis of cells cultured on modified disks 
NHOst cells were cultured on the two titanium disks, one surface 
smooth and one rough, and on the CMCAPh-coated titanium disks, again 
one with a smooth surface and one rough. SEM analysis showed a better 
cell adhesion on the bare smooth surface disks than on the bare rough 
titanium surface (Fig. 10 A,B). Moreover, SEM analysis showed a better 
cell adhesion on the CMCAPh-coated smooth surface disks than on the 
CMCAPh-coated rough titanium surface (Fig. 10 C,D). In addition, the 
morphological shape of adherent osteoblasts was different between the 
two smooth titanium surfaces coated with CMCAPh (Fig. 10 A,C) than on 
the bare samples of titanium. In fact, NHOst cells seeded on bare smooth 
disks were clotted, while cells seeded on the smooth titanium surfaces 
coated with CMCAPh were firmly and well spread exhibiting distinct  
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pseudopodia (Fig. 11). Concerning the bare titanium rough surfaces, cells 
assumed an elongated morphology extending up to 30 µm in length (Fig. 
10 B). Cells appeared spindle-shaped which was similar to the shape of 
those grown in plastic culture flasks. On the rough CMCAPh-coated 
titanium disks osteoblasts exhibited a polygonal shape and covered the 
cracks and fissures present (Fig. 10 D). The morphological analysis of the 
NHOst adhesion cultured on the smooth and rough titanium surfaces 
coated with CMCAPh clearly indicate that the surface chemistry and 
surface topography play an important role on cellular behaviour.  
 
        
Figure 10. SEM images. NHOst adhered on smooth A) and rough B) 
titanium surfaces (139x and 1630x magnifications respectively; black 
arrows indicate NHOst cells adhered on titanium surfaces coated with 
CMCAPh C) D). 
 162 
 
 
Figure 11. SEM images. Rappresentative SEM images showing the NHOst 
morphology on bare titanium disks A) and on the same disks coated with 
CMCAPh B).  
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4.4. Conclusions 
The results of the present study show that the new amido 
phosphonate polymer CMCAPh synthesized and characterized had 
different chemical properties than CMC and its amidic derivative. The 
biological tests performed with normal human osteoblasts (NHOst) 
showed a high cell proliferation, cell differentiation, and osteogenic 
activity, like alkaline phosphatase and cell matrix mineralization. The new 
amido phosphonate polymer CMCAPh is capable of interacting strongly 
with the Ti surface. Coupling to the Ti surface involves both the 
coordination of the phosphoryl to titanium and the condensation of P-OH 
groups with the surface hydroxyl groups. The polymer CMCAPh also 
interacts through other functional groups like carboxylate and amidic 
groups. All of these interactions determine a tough polymer film on the 
titanium surface which withstands several prolonged washes in an 
ultrasonic bath. CMCAPh polymer spreads on the rough titanium surface 
filling up the ditches left by the sanding treatment, while on a smooth 
surface it piles up layer by layer. 
 
The role of the polymer coating on the 
titanium surfaces in the adhesion of NHOst cells has been evidenced by 
their morphological analysis.  
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Chapter 5 
Conclusions 
 
Cell behaviour was studied on micropatterned and randomly 
modified substrates.  
Micro-patterned surfaces were obtained by photoimmobilization of 
the polysaccharide hyaluronic acid (Hyal) on aminosilanized glass in the 
presence of photomasks with different geometries. The patterns obtained 
had different dimensions and chemistry: positive/negative spiral and 
squared micro-patterned surfaces consisting of alternating domains of 
Hyal and aminosilanized glass with decreasing dimensions. The spiral 
width decreased from 100 to 1µm. The squared pattern showed a large 
range in features dimensions: from 100x100 micron of the square in the 
middle of the pattern, to few microns for the glass domains at the 
periphery. 
The behaviour of four cell types was tested on these micro-patterned 
surfaces: human coronary artery endothelial cells (HCAEC), human 
dermal fibroblasts, NIH 3T3 fibroblasts and human normal osteoblasts 
(NHOst). Micro-patterned surfaces were effective in guiding cell 
adhesion. HCAEC, human dermal fibroblasts and NHOst behaviour was 
influenced by both surface chemistry and topography. In fact, they 
avoided the immobilised Hyal domains and adapted their shape to the 
different sizes of the square and spiral patterns of silanized glass. The 
reduction in the dimensions of the adhesive glass domains forced the cells 
to change their shape according to the size of their nuclei.  
Concerning NIH 3T3 cells, they did not adhere to immobilised 
Hyal either, except in the centre of the spiral pattern, where the size of the 
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glass area was considerably reduced and the cells were consequently 
forced to occupy the immobilized Hyal microdomains. In the square 
micropatterned samples, NIH 3T3 cells formed bridges to neighbouring 
squares and formed a cell monolayer on Hyal where the dimensions of the 
glass squares decreased. The strong effect of the reduction of the adhesive 
glass regions influenced the reorganization of actin cytoskeleton of NIH 
3T3 cells and thereby induced morphological cell changes and the 
accumulation of CD44 in correspondence of the regions of actin 
polymerization, such as pseudopodia.  
Co-cultures of different cell types were performed on micro-
structured surfaces. A heterotypic cell-cell interaction among two or three 
different cell types occurred in the same chemical and topographic micro-
domains. When human dermal and NIH3T3 fibroblasts were cultured on 
already adhering endothelial cells, they achieved a specific spatial 
organisation, colonising both empty and HCAEC-containing glass 
domains.  
Cells cultured on micro-patterned surfaces could well be subjected to a 
certain pattern of forces, in which their equilibrium induces an oriented 
cellular shape. In any case, the behaviour of HCAEC and fibroblasts also 
depended on the dimensions of the cells. In fact, as cell orientation has 
been demonstrated to be correlated to the dimensions of microstructures, 
HCAEC, which are smaller than fibroblasts, were more affected in their 
orientation when they adhere to small domains in comparison to 
fibroblasts. Concerning to the triple cultures, the adhesion of NIH3T3 
fibroblasts and HCAEC on the center of the spiral, greatly reducing the 
available space, caused the shrinking of human normal osteoblasts. 
Therefore, the contemporary presence of these three different types of 
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cells was exclusively found in the external part of the spiral, where the 
area to spread over was wider. 
Based on the data obtained with micro-patterned surfaces, that 
clearly indicated that modifying surface topography and chemistry deeply 
affected cell behaviour in terms of cell adhesion, morphology and 
proliferation, I also investigated the behaviour of osteoblasts on randomly 
modified surfaces. Randomly modified surfaces were sandblasted titanium 
disks, bare or coated with CMCAPh, a new phosphonate derivative of 
carboxymethylcellulose (CMC). The phosphonate polysaccharide was 
obtained by using a carbodiimide-like activating agent for carboxylic 
groups and 2-aminoethyl-phosphonic acid to create an amidic bond 
between the amine of the phosphonate agent and the carboxylic acids of 
CMC. CMCAPh was capable of interacting strongly with the titanium 
surface. Coupling to the Ti surface involves both the coordination of the 
phosphoryl to titanium and the condensation of P-OH groups with the 
surface hydroxyl groups. Adhesion tests of osteoblasts on bare and 
CMCAPh-coated titanium surfaces demonstrated a better adhesion on 
titanium surfaces coated with CMCAPh than on bare titanium. As a result, 
they have been obtained titanium surfaces coated with a bio-active 
molecule, CMCAPh, that may improve osteoblasts adhesion and function 
ameliorating the interaction between titanium implants and the 
surrounding tissue. 
 
 
 
 
